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Introduction 

Recent advances in laser technologies with short-pulse and short-wavelength beams 
have accelerated the growth in laser precision microfabrication (LPM) in electronics, 
optoelectronics, micromachining, medical devices, etc. In view of the great impact of 
LPM, JLPS—Japan Laser Processing Society and RlKEN—The Institute of Physical and 
Chemical Research provided an international forum for exchanging technical 
information between fundamental researchers and end users in different industrial fields 
of LPM around the world. The main focus included analyzing the present status of 
fundamentals and applications, defining critical techniques to be developed, and 
forecasting future markets of laser precision microfabrication. 

The First International Symposium on Laser Precision Microfabrication (LPM2000) is, 
without any doubt, the first attempt to provide an international forum in which such a 
varied group can assemble. The symposium was held at Omiya, Saitama Prefecture, 
Japan, as a three-day event (June 14-16, 2000) consisting of 15 oral sessions along 
with a poster session. More than 100 oral and poster papers were submitted from 16 
countries in Asia, Europe, and North America. This volume presents the proceedings 
from LPM2000. It is actually meaningful that the first LPM symposium was held in 
Japan, which is known to fabricate more than half of the microelectronic devices in the 
world, and where laser technologies play an important role. The LPM symposium will 
be held every year in the Pacific Rim; the second symposium, LPM2001, will be in 
Singapore. 

Our great thanks must go to the members of the program and organizing committees, 
to the invited speakers, and to all of the participants for making LPM2000 so 
successful. We also extend our thanks to RIKEN and SP1E for helping to organize this 
meeting. Finally, we respectfully acknowledge the U.S. Air Force Office of Scientific 
Research and Development (USAFORS/AOARD) and Saitama Foundation for Culture 
and Industry for their financial support provided to this symposium. 

Isamu Miyamoto 
Koji Sugioka 

Thomas W. Sigmon 
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Laser precision microfabrication in Japan 
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Electronic devices such as handy phones and micro computers have been rapidly expanding 
their market recent years due to their enhanced performance, down sizing and cost down. This has 
been realized by the innovation in the precision micro-fabrication technology of semiconductors 
and printed wiring circuit boards (PWB) where laser technologies such as lithography, drilling, 
trimming, welding and soldering play an important role. In photo lithography, for instance, KrF 
excimer lasers having a resolution of 0.18 um has been used in production instead of mercury lamp. 
Laser drilling of PWB has been increased up to over 1000 holes per second, and approximately 800 
laser drilling systems of PWB are expected to be delivered in the world market this year, and most 
of these laser processing systems are manufactured in Japan. Trend of laser micro-fabrication in 
Japanese industry is described along with recent topics of R&D, government supported project and 
future tasks of industrial laser precision micro-fabrication on the basis of the survey conducted by 
Japan laser Processing Society. 

Keywords: laser, industry, precision micro-fabrication, semiconductor, PWB 

1.    Introduction 

Electronic devices for consumers such as handy 
phones, PDA, digital camera and microcomputers have 
been rapidly expanding their market recent years. For 
instance, the number of handy phone sold in world 
market in 1999 reached approximately 230 millions sets, 
as shown in Fig. 1. This number is expected to reach 
300 million sets this year. According to other survey, 
much larger number, even 400 million sets are expected 
in 2000 [1]. It should be noted that more than half of 
electronic parts are manufactured in Japan. 

Such rapid expansion of electronic market has been 
supported by the innovation of precision micro- 
fabrication technology of electronic devices. Weight and 
size of electronic devices are rapidly decreasing, 
although the performance have been enhanced so that the 
amount of data is increasing from voice communication 
to internet and then picture/music as shown in Fig. 2 [2]. 
In spite of such technical advances, the cost of PWB is 
dramatically decreasing due to sever commercial 
competition in Fig. 2. 

Such a situation has been realized by the innovation 
in the precision micro-fabrication technology of semi- 

conductors and printed wiring circuit boards (PWB) 
where laser-based technologies such as lithography, 
drilling, trimming, welding and soldering play an 
important role. 

Japan Laser Processing Society (JLPS), non profit 
organization containing 140 company members, made a 
4-year survey to analyze present atatus and future aspect 
of Japanese laser industry from 19%. Laser precision 
micro-fabrication in Japan in terms of technical trend in 
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industry, recent R&D topics and government supported 
projects is discussed on the basis of the survey conducted 
by non profit organization, Japan Laser Processing 
Society [3]. Future aspects of laser precision micro- 
fabrication are also described 

2. Recent trend of LPM in Japanese industry 

2.1    Lithograpy 

KrF excimer lasers began to be used for photo 
lithography in production from 1996 due to their 
improved stability as well as high spatial resolution. 
They have been used in production for 64 - 256 Mbit 
DRAM, and the number of the laser lithography became 
much larger than that of the mercury lamp today (Fig. 3) 
[4]. KrF excimer lasers with higher power and reduced 
cost of operation are required to be developed for higher 
productivity. The resolution of 0.18 u.m has been 
attained in production and 0.12 urn in laboratory level 
(Fig. 4) by enlarging NA, narrowing spectral width and 
the improvement of the resist material. The resolution 
is expected to reach down to less than 0.1 (xm with ArF 
excimer laser, which is required for 4 Gbit DRAM. 

The number of excimer lasers sold in Japan became 
as large as that of the mercury lamp in 1998, and is 
increasing rapidly expected to reach 600 units in 2000 
where lasers lithography is predominant [5]. Most of 
these laser lithography systems are manufactured in 
Japan. 

22   Ablation processing 

Most PWB has a build-up structure with blind holes 
with diameters of less than 150 urn (Fig.5), and laser 
drilling technology of micro-via hole using C02 lasers 
has been developed instead of mechanical drilling in the 
middle of 1990's. 

Figure 6 shows the production amount of the build- 
up board in main four areas [6]. The amount of the 
production in Japan is seen to be much larger than that in 
US, Europ and other Asian coutries, and world market is, 
without any doubt, led by Japanese industry. 
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The number of laser drilling system sold a year is 
increasing rapidly, and is estimated to reach 300 units in 
2000 as shown in Fig. 7 [7]. Other survey estimates 
that much larger number of approximately 800 units is 
sold this year. 

The performance of via hole laser depends on the 
performance of lasers and peripheral systems. Three 
types of C02 lasers, TEA laser, slab type laser with RF 
excitation and 3-axis cross flow type laser with SD 
excitation have been developed for via-hole drilling, by 
Lumonics, Coherent and Mitsubishi Electric Co, 
respectively. Laser drilling systems mounting these 
lasers are used in production mainly in Japan, Taiwan 
and Korea. C02 lasers can be used for via holes of the 
diameter down to 50-70 urn. For drilling of smaller via 
holes, SHG YAG lasers expected to be used. 

Increasing the productivity is one of the most 
important tasks for realizing cost down. Drilling rate is 
actually limited by scanning rate of the laser beam, 
which is determined by the performance of the galvano- 
mirrors. The drilling speed of PWB, which was 500 
holes per second three years ago, has increased up to 
1100 holes per second mainly by the improvement of 
galvano mirror system. Increasing drilling rate is a big 
issue of technology development between makers. 

Fig. 8 Drilling of ink jet nozzle for PC printer by using 
KrF excimer laser (diameter: 30~70/Am). 

Fig. 9 Recycling of used dram for copy machine 
by removing damaged surface film. 

Interesting laser drilling technique other than via 
holes is drilling of ink jet nozzle for personal computers. 
Very precise holes of 30 to 70 Jim diameter in 
polysulphon can be drilled by using KrF excimer (Fig. 8) 
[8]. The laser is irradiated with a mask projection optics 
at a magnification of 1/4 to drill 64 to 160 holes in the 
area of 5 to 10 mm. Approximately 50 systems using 
KrF excimer laser are working for this purpose in Canon. 
Drilling of alumina ceramic for medical filter has been 
also developed by Omron where holes of 4 microns in 
diameter are drilled in alumina ceramics of 50 microns 
thickness byKrF excimer laser [9]. 

A hybrid cutting technique of KFRP was developed 
by Mitsubishi Heavy Industry for the parts of helicopter 
by using KrF excimer and C02 lasers [10]. This 
material was manufactured by time consuming manual 
operations including cutting and then polishing. In the 
newly developed system, C02 laser cuts the material at 
higher speeds, and then excimer laser removes 
carbonized layer to provide clear cut face at reasonable 
speeds. 

A technique for recycling of roller film for copy 
machines has been developed in a Japanese Job shop, 
Shinozaki Works. Two millions of aluminum roller 
drams for copy machine are wasted a year, causing 
environmental pollution. To cope with this problem, 
they developed a technology to remove the surface film 
by using TEA C02 laser without damaging the alminum 
roll. It takes approximately 20 seconds to remove the 
film from the dram with diameter 30 mm and length 250 
(Fig.9)[ll]. 

Proc. SPIE Vol. 4088 



23    Annealing 

The number of LCD desktop PC sold in Japanese 
market is increasing rapidly. Conventional display 
units have been replaced by LCD panels. Recently, 
over 60% of LCD panels in world market are produced 
in Korea, Japan and Taiwan Fig. 10 [12,13]. Laser 
annealing is the most important technique for high- 
quality LCD with sufficient brightness, response for 
many electronic devices, and KrF excimer laser is 
irradiated to change an a-Si into a p-Si. The mobility of 
electrons is drastically improved by the technique 
resulting a "bright" LCD with higher response (Fig. 11) 
[14]. Although this technology was proposed in early 
period, introduction to real production had been so 
delayed until the development of a line-shaped beam 
with sufficient uniformity. The maximum size of p-Si 
TFT panel is increasing rapidly to replace larger display 
unit. Since the length of the shaped beam limits the size 
of poly-crystal TFT panels, longer and uniform laser 
beam with higher power is required for this application. 
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Fig. 10 LCD disk top PC sold in world market. 
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Fig. 11 Mobility of amorphous and crystal silicon. 

2.4 Joining: 

Laser welding has been finding a variety of 
applications in automobile, electronic, machinery and 
steel making industry by using C02 and YAG lasers [15]. 
For precision micro-fabrication, pulsed YAG lasers are 
widely  used in a variety of electronic parts, which 

include optical modules, hard-disk magnetic head 
suspension, electron gun for TV tube, miniature power 
relay, coin-type battery, pressure sensor, valve ABS and 
lithium ion battery as shown in Fig. 13. This is because 
laser can provide precision micro-welding with 
negligible thermal distortion at high productivity . 

*A.   Optical modules 

Hard-disk magnetic- 
head suspension 

. 
Pressure sensor 

-3* • •:\S'' ';'-"   ' 

iniature power relay Valve for ABS 

sN 

frtectfon gun for TV tube    Coin-type battery Lithium ion battery 

Fig. 12 Examples of micro-welding of electronic parts by 
pulsed Nd: YAG laser (courtesy of NEC). 

»•KM       .KB« .-.»••»Mr., ^rnxmrmfrs. 

Fig. 13 Fluxless laser micro-soldering of tape carrier 
package (Mitsubishi Electric Co). 

A novel micro soldering technique using YAG laser 
was developed for TCP (tape carrier package) by 
Mitsubishi Electric Co. In this technology, a focused 
YAG laser beam spot is moved along the outer lead by 
using galvanometric mirrors (Fig. 13) [16,17]. Fluxless 
soldering was realized by removing oxide film on the 
solder by irradiating focused YAG laser beam with high 
power density. Joining of approximately 500 joints has 
been carried out in less than 8 sec with monitoring the 
beam path. Minimum lead space attained by this 
technique is as small as a hundred microns. 

2 JS    Others applications 
Laser surface modification has been developed for 

pretreatment to enhance the characteristics of wire 
bonding by Matsushita Electric Works [18]. The 
probability of rupture at the bonding interface can be 
drastically reduced by cleaning effect of the bonding 
interface and the surface modification of gold plated layer 
to reduce the stress concentration of the wire bonding 
region by the irradiation of KrF excimer laser (Fig. 14). 
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Fig. 14 Laser surface modification in pretreatment for 
wire bonding surface. 
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Table 1  Government supported laser projects in Japan. 

Flexible Manufacturing System 
Complex Provided with Laser 

Duration:"77~'85 
Total Budget:—13.5biUion/ 9Yis. 

Cutting, Metal Fbiming, 
Laser and Processing 
C02laser,YAGIsaer), 

Assembling, Diagnosis, etc. 

Advanced Material Processing 
and Machining Technology 
Research Project  

] High-Power Excimer Laser, 
] High-Density Ion Beam, 
1 Ultra-precision Machining 

i! and Processing Technology 

Duration:'86~'94 
Total Budget:—16.1bil!ion/ 9Yrs. 

Advanced Photon Processing 
and Measurement 
Technologies  

Processing, Measurement, 
All Solid-State Laser 

Duration:'97~'01 
Total Budget(Plan):~7billion/ 5Yrs. 

It is necessary to adjust the height of magnetic head 
precisely in DVC (digital video for consumer). 
Precision micro-bending technique has been developed 
for adjusting the height of by Matsushita Electric Co 
instead of conventional mechanical technique [19]. In the 
micro-bending, the head goes down during laser pulse due 
to thermal expansion, and then goes up due to thermal 
shrinkage during cooling process, providing the accuracy 
less than 0.5 urn as shown in Fig 15. 

3.    Topics and future aspects 
3.1    National projects 

Three national projects based on lasers have been 
carried out since 1977 in Japan as shown in Table 1. 
First, CO, and YAG lasers were developed along with a 
variety of processing techniques in Flexible 
Manufacturing System Complex Provided by Laser 
between '77 and '85 with the total budget of 13 billion 
yen. Second, high power excimer lasers were 
developed for precision fabrication in AMMTRA 
(Advanced Material-Processing and Machining Tech- 
nology Association) between '86 and '94 with the budget 
of 16 billion yen [21]. 

Third, all solid state lasers have been developed in 
Advanced Photon Processing and Measurement 
Technology started in '97 with 14 members of company 
and a university as a five year-program with a budget of 
7 billion yen [22]. The project includes developments 
of photon beam generation technology, photon-applied 
micro- and macro-processing technology and photon- 
applied measurement technology, as shown in Fig. 16. 

In photon beam generation technology, high-power 
all solid state lasers and tightly-focusing all solid-state 
lasers are developed. For high power lasers, compact 
and portable systems with output power of 10 kW are 
developed with LD pumping. 3-5 kW YAG lasers have 
been so far developed by Fanuc and Toshiba. They are 
applied to macroscopic processing such as welding thick 
sections of large-scale transports and structures and 
creation of ecological production system. A tightly- 
focusing all solid state lasers include disk type fiber laser 
and harmonic generation. They are required to meet the 
demands for precision materials processing, and high- 
speed precision processing. Average power of 320 W 
with 28% was developed by Mitsubishi Electric Co. with 
novel pumping technology (Fig. 17). They also 
developed high power green beams of 152 W and high 
power UV beams of 20 W have been developed so far 
[23]. 

Photon-applied microscopic processing includes 
preparation of ultra-fine particles, synthesizing ultra-fine 
particles for quantum functional structures, direct 
printing technology for micro-circuit In the project 
conducted by Matsushita [24], the band gap is con- 
trolled by decreasing the particle size so that wave- 
length of optical emission can be controlled, in contrast 
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18 Laser fabrication of ultrafine Si particles of 1-50 
um for new opto-electronic devices (Matsusita). 

to the conventional technology where hazard materials 
such as Ga and As were doped to control the band gap of 
semiconductors; red and blue emission has been obtained 
by controlling the size of ultra-fine Si particle produced 

32   Topics of R&D 

A new method for the fabrication 
of precise optics using laser ablative 
figuring (LAF) has been developed at 
Osaka University [26]. The phase 
error of transmission wave front is 
collected by laser ablation with in-situ 
measurement using a wave front de- 
tecting interferometer. Glass-plastic 
hybrid plates of 5 cm in diameter are 
used, and a flat surface and spherical 
lens has been fabricated with the phase 
error better than X/6. 

Short wavelength lasers are also 
attractive   for   micro   machining   by 
restricting     the     absorption     depth. 
Clean ablation of materials with little 

thermal     influence     has     been     accomplished     by 
simultaneous irradiation of VUV and UV lasers.     This 
is    accomplishes    by    the    excited-state    absorption 
mechanism where transient absorption increase of UV 
beam transmitted by fused silica during VUV beam 
irradiation is realized [27]. 

A lot of research work using ultra short pulse lasers 
has been carried out for ablation, micro-bending, 
modification and so on. Ablation by ultra-short pulse 
laser is expected to be a useful tool for precision micro- 
fabrication with negligible heat affected zone. Almont 
no ultra short pulse lasers has been used in production, 
although mask repair system using ps pulse laser has 
been recently developed for lG^lGDRAM by NEC [28]. 
This is because the photon price is so expense, the laser 
systems are not reliable enough for production use and 
the processing mechanism is not well understood in 
ultra-short pulse region. Phenomena occurring during 
ultra short pulse laser irradiation have been studied by 
molecular dynamic simulation [29]. In this analysis, 
the ablation process can be visualized for different 
materials including Al, Cu and Si, and distributions of 
size and velocity of the ablated particle are also analyzed 
along with ablation efficiency as a function of laser 
fluence. The disarray of atomic configuration caused 
by laser irradiation can be also analyzed by molecular 
dynamic simulation where edge dislocations propagate at 
velocity of longitudinal wave with following the laser- 
induced shock wave (Fig.19). 

Much attention has been paid to micro structures 
induced by ultra-short pulse. Refractive index of the 
order of 10"2 to 10"3 has been continuously induced by the 
irradiation of focused femto second laser in silica glass, 
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Fig. 19 Stress state Qeft) and disarray of atomic configu- 
ration (right) simulated by Molecular Dynamics 
(pulse conditions: 30 GW/cm2; 5 ps). 

borosilicate glass, chalcogenide glass and so on [31]. 
This can be applied to drawing 3D optical fiber (Fig. 20). 
Optical wave guide can be also made by using excimer 
lasers [32]. High laser power of the order of TW 
enables multi-photon absorption in transparent materials, 
on which a response of materials confines the spatial 
resolution of fabrication elements to the size less than 
optical diffraction limit [33]. This offers a possibility to 
tailor the 3D memory, photonic band gap structures and 
so on. Layer-by-layer structure with the lateral lattice 
constant of 1.4 u.m has been realized. 

3.2   Future aspects in industrial applications 
Preciseness, productivity and reliability are required 

for production uses of laser precision micro-fabrication. 
In drilling and cutting applications, productivity can be 
determined by peripheral equipment to manipulate 
focused laser beam spot such as galvanometric mirror 
system and linear transition systems, since the laser 
performance is sufficiently high. In laser drilling of 
PWB, for instance, the process speed of 1000 holes/s is 
limited actually by the beam manipulation system. 
Different optical systems have been developed to in- 

Microscope ^g 
Objective       K. 

Refractive 
index change 

Fig. 20 Scheme of 3D drawing of optical wave guide by 
ultra short pulse laser. 
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processing table 
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Fig. 21 In-monitoring system for quality assurance of 
CO2 laser drilling via hole for PWB detecting: 
(a) reflected laser  beam and (b) light emission. 

crease drilling speed further; Sumitomo Heavy Industry 
has developed the twin head system with the drilling 
speed of 1400 holes/s, and Mitsubishi ElectricCo. 
holographic technology with maximum drilling rate of 
4000 holes/s [34]. 

Quality assurance is essential in industrial 
applications of laser precision micro-fabrication. 
Although a lot of effort has been made to improve the 
laser performance in long and short term operations, 
in-process monitoring for quality assurance is necessary, 
since the quality of laser fabrication is also seriously 
affected not only by parameters of laser beam but by 
material conditions such as geometrical preciseness and 
surface conditions.   It should be noted that the process 
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speed in laser micro-fabrication is so high that off-line 
inspection techniques are not realistic. Thus it is 
necessary to develop sensitive detectors for process 
diagnostics. 

In-process monitoring system, for instance, has been 
developed by Matsushita Electric in C02 laser drilling 
PWB [35] where the bottom area of laser-drilled hole at 
the inner copper foil in via hole can be monitored by 
detecting the reflected laser intensity by using a HgCdTe 
sensor (Fig.21a). Simpler in-process monitoring 
system using a photo diode was also developed in Osaka 
University to detect light emission from the laser 
irradiation zone (Fig.21b) [36]. 

Lasers have been increasingly accepted in industry. 
The largest market of laser precision micro-fabrication is 
expected to be electronic industry. For realizing wider 
acceptance of laser micro-fabrication in industry, lasers 
with shorter pulse and/or shorter wavelength and 
peripheral equipment with higher performance and low 
cost are required. It is also important that laser 
engineers and researchers should understand not only 
laser processing but also general production. 
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Today the laser technologies are widely used in the 
processing of materials, including also the precise 
microshaping. Deep UV lasers have very good prospects in 
the lithography, used for fabrication of chips, while the 
femtosecond pulsed lasers open the new horizons for the 
micro- and submicroprofilling. But these are the field of 
the future prospects. As for today state-of-the-art, 
contribution to the application of lasers for these purposes 
are the numerous advantages of the laser techniques over 
the traditional methods, such as: - wide variety of 
materials to be treated, - possibility of achieving narrow 
cuts and practically waste-free separation, - small heat- 
affected zone, - minimal mechanical effect and minimum 
thermal deformations, - possibility of microshaping along 
a complex profile in two, or even three, dimensions, - 
possibility of fast and precise process switch-on and off 
and to include in the processing feedback on the treated 
parameters. 

1. Introduction 

Laser microtechnology in general develops for the 
next three most important areas: 

microelectronics (ME) — thin films local 
deposition and removal that means laser trimming and 
mask saving, laser lithography and micromachining and 
also laser micropattering in general, as well as annealing, 
local doping, welding etc etc. [1] 

micromechanics (MM) — laser cutting, holes 
drilling, marking, engraving, scribing, thermal cleaving, 
welding, hardening etc etc. [2] for many purposes at 
instrument making, for precision operations in automotive 
and aerospace technologies and for every kind of 
microsystem technique. 

microoptics (MO) — laser fabrication of 
microoptical   components   by   surface   treatment   like 

miaostructuring, microprofiling, polishing and smoothing, 
and by structure changing like laser densification of porous 
glasses, amorphization of glass ceramics, extratempering 
mechanical forces and plasma-assisted microshaping in a 
softened-phase etc etc. [3]. 

These areas together provide the progress in many 
novel directions of engineering like information, 
communication, medicine, microrobotics and other, which 
often include micro-opto-electro-mechanical (MOEM) 
systems as one integrated unit. 

We will consider below only microshaping 
processes which include such fields like laser lithography 
for ME, precision laser cutting for MM, laser 
miaostructring of MO, including laser polishing of 
surfaces (and will ignore heating-based processes like 
annealing, hardening, welding etc) (fig. 1). 

Basic physical processes of laser microshaping 
are: 

- evaporation, ablation — for any materials [1,2]; 
- heating (added by some mechanical actions) — 

for microshaping of glass components only [3]; 
- etching and other processes typical for 

microlectronics for thin films and layers [4]; 
- 3D laminated increasing — cutting of paper 

(LOM), polymerisation of photopolymers (SL), synthering 
of (ceramic) powders (SLS) [4]. 

But laser ablation-based processes are the most 
popular. That is why these kinds of microshaping 
processes we will discuss here. 

In spite of external differences in ME, MM and MO 
applications: different materials (films, metalls, glasses 
etc) and different lasers (wave-lengths and power) the 
essence of all of them is the same: due to high absorption 
materials are finally ablate, and heat processes (melting 
and evaporation) define the shape changing (fig.l). 

The problem for all these areas, which could be 
pointed: how to improve accuracy and quality of laser 
microshaping and to increase productivity at the same 
time? 
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a) b) c) d) 
Fig.l. General view of laser microshaping results: 

a) hole d = 100 u, steel, Nd:Glass lasers, x = 10"3 c; 
b) square shape (10x10 p.) element, chromium film. Nr-laser, 
T=10-8c,h=10"'p; 
c) cut CW COr-laser stainless steel; thickness - 3 mm; 
d) CW COr-laser profilling of quartz-glass. 
2. Fundamentals 
2.1. The physical model of laser microshaping 

Main stages: 
-  absorption   of laser  radiation   by  the   law 

q(x) = q0(l - R)e"ax    at   the   light   penetration   depth 

8=V a 10-5-l0"*sm for metals; 

- heating of the metarial up to melting point Tm; 
- melting after absorption of the latent heat of 

melting L,,,; 
- heating up to the vaporization (boiling) point 

Tv = Tblp=p«„ ' 
- vaporization (usually from liquid phase) after 

absorption of the latent heat of vaporization U; 
- vaporization front movement inside the material 

with the speed V0. 
The one-dimensional vaporization model 

Required energy E (neglecting of 
thermoconductivity)is equal to 
E = fi[pcTm + Lm + pc(Tv -Tm)+Lv] (1), where Q = hS 
is the volume of the heated zone. 

In   terms   of power   density  the   equation   (1) 
transforms to q = h(pcTv + Lm + Lv)/t (2), where usually 

pcT^lO^.L.SlO'^.L.aiO^ cm 
Vaporization front penetration speed (in assumption 

that the absorbed energy is spent for the vaporization only 

1/ (neglecting pcTv, Lm <<LV) V0 is equal to V0 

(3). 
Qualitative   characteristics   of  the   one-dimensional 
model of microshaping 

- The depth of the hole h increases linearly with the 

duration of action x, with the speed V0: h = V0x = -9-x 

(4); 
- The diameter of the hole does not increases: 

d = do = const; 
- No liquid phase — only vapor products; 
- The accuracy would be ideal; 

- The quality would be ideal. 

Two-dimensional model 
The one-dimensional model cannot be applied to 

describe the hole-growth kinetics since as soon as hole 
depth h becomes comparable with the light-spot size r0, 
the effect of the hole walls on to the kinetics of its 
formation can no longer be neglected. 

The increasing of the depth h can be described as 
before (equation 4) by the vaporization model, but 
calculation of the hole diameter d change is much more 
complicated due to the interplay of many factors affecting 
the heating and destruction of the walls. 

This includes at first liquid phase appearance due to 
melting of material between the isotherms of the surface 
vaporization Tv and melting Tm (under surface). 

Other important factors which affect the process are 
(fig.2): 

- vapor condensation, 
- direct light absorption by the walls due to beam 

defocusing, 
- light scattering by the plume, 
- radiative and convective heat-exchange between 

the vapor jet and the walls, 
- heat-conduction. 
This list of phenomena should be added by: 
- surpluss vapors pressure which should remove the 

melted material from the hole (cut) and 
- scrinning effect by the erosion products (vapor 

plus liquid) to the incident radiation. 

Fig.2. The schematic diagramm of laser microshapinng 

The main effects limiting quality of laser microshaping 
We can conclude now that in every real laser 

microshaping process significant fraction of the liquid 
phase remains at the irradiated zone after the end of the 
laser pulse. 

Formation of a large amount of liquid and its 
incomplete removal from the surface (hole cut) are, in 
general, adverse and hard-to-control phenomena which 
cause a considerable decrease of the efficiency and quality 
of laser microshaping 
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The redistribution of the liquid prior to 
crystallization plays a decisive role in a final shape 
formation. As a result of the redistribution, the surface 
shape to the end of solidification can differ substantially 
from that determined by the beam geometry, the 
vaporization kinetics, and the hydrodynamic rejection of 
part of the liquid-phase material at the end of the laser 
pulse. 

Main reasons for liquid phase increase are: 
• the decrease of the light flux density due to the gradual 

beam-defocusing with the hole-depth growth; 
• the slow power decrease at the pulse trailing edge 

contributes to the increase of the volume of liquid- 
phase residue at the surface after the pulse; 

• extra duration of the action time: the longer is the 
action time, the greater is the melted volume and, 
therefore, the greater is the hole size and cut width 
scatter; in addition, a long action time causes the 
development of a zone of considerable size where 
oxidation and structural changes occur, as well as 
the appearance of defects on the hole (cut) surface 
as a result of the increase of the depth of heat- 
affected layer. 
Another sources of inaccuracy in microshaping 

are: 
• the inhomogeneity of transversal beam intensity 

distribution due to mode character of laser 
generation; 

• the blurring of the light spot edges at processing in 
the focal plane. 

Results of physical models consideration [6]: 
1. The main factor limiting quality of laser 

microshaping is the liquid phase appearance. 
2. The general reason of the liquid phase 

appearance is melting of material at the size, which 

approximately   estimated   as:    xm ~ var    (5)   (a   — 
thermodiffusivity coefficient). 

3. The most important reason of the liquid phase 
movement is the recoil vapor pressure action Pp , which 

F.    mW    W 
approximately proportional to: Pp w — = — (6), 

& oT T 

where Fp is recoil force, S — light spot square, m and W 
are evaporated mass and the speed of vapor's movement. 

4. To provide conditions for minimization of liquid 
phase it is necessary to optimize of a laser beam as a tool 
for microshaping and properly: 

- energetical and temporal characteristics which 
depend on laser source parameters; 

- spatial characteristics which depend on laser beam 
and optical system parameters and 

- by optimization of the laser-matter interaction 
process characteristics. 

5. The easiest way to satisfy the quality 
requirements - is to provide the conditions where the one- 
dimensional model works. 

2.2. Requirements to the laser source 
Which laser mode is better: continuos- 

wave(CW) or pulse-repetition (PR)? 
From the point-of-view of energy losses, pulse- 

repetition laser generation mode is much better than 
continuous-wave one. 

To compare necessitive power for microshaping 
with CW and PR lasers let us calculate it, taking into 
account that to change a shape means to heat material up to 
evaporation temperature Tev. 

For CW laser corresponding power P^ it is 
possible to calculate from temperature threshold for 
stationary conditions Tv=qrjK (7) [1] (r„ — light spot 
radius, k — thermoconductivity coefficient), where from 
Pcw=7trKTv/A [8]. 

For PR laser corresponding threshold should be 

calculated  from pulse condition [1] Tp = 2Aq-s/är /K-V/TC 

(9)   (A   —   light   absorbance),   where   pulse   power 

Pp = 7ncr2Tp V7t/2Avax     (10)    and    average    power 

Pp = 7tKT2fTp Vfl-r^AVa (11) (f is a pulse repetition rate). 
Now we can define searched ratio: 

Pp/PCw=r0ft/VaT (12) 

Let us estimate it for x = 1ms, f = 1kHz, r0 = 100 u, 

a = 0,lcm/s, Vat = 100 n, r0/VaT = 1, f T = 10"6.  So, at 

any rational r0, a and T we have   Pp « Pcw. 

Puke   duration   x   defines   the   next   process 
characteristics: 

- pulse energy threshold qcw (formula 9,10); 
- liquid phase amount Xm (formula 5); 
- reactive vapor pressure value Pv (formula 6); 

- thermomechanical   stresses   value    F^, ~ v* 
(approximately); 

- screen effects of vapors to the incident radiation; 

- stability of the irradiated size (instability ~ vr) 

HI; 
- stability of power density threshold depending on 

size of irradiated zone. 
By the all of these reasons than pulse duration is 

less than better. 
Comments: 

• the effective action time for continuous-wave lasers 
is equal to x = d0/Vsc (13), where do is the focal 
spot diameter, Vx is the scanning speed, 

• in any case one should check the condition (9,10), 
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one should also take into account that hv ~ V0x, and 
than T is less than single-pulse hole depth h is smaller. 

Laser power P should provide the power density q; 
— the more, the better (decrease of liquid phase part) — 
between the evaporation threshold q^esh (9, 10) and 
threshold of absorption in erosion plume; usually q « 2-3 
qthresh- 

Calculations show that usually laser power P = 1 
kW is necessary (pulse or continuous) for 
microshaping. 

Wavelength X should be in the region of the high 
absorbance of the material (visible for metals and other 
constructional materials, ER. for glass, UV for polymers) 
depending on the optical parameters of the material (R, A 

= 1-R, 8= V). ^       /a' 
Pulse repetition rate f: the most important roles of 

f are: the direct fluence on the productivity of 
microshaping and the choice of typical technological 
operations. 

Cost effectiveness 
From all of these parameters Nd-YAG-lasers 

acousto-optically switched (T ~ 1(T7 s, f ~ 104 Hz), Cu- 
vapors lasers (T ~ 1(T8 s, f ~ 104 Hz), excimer lasers (T ~ 
10' s, f ~ 103 Hz) looks preferable for most applications. 
Sometimes (for glass-ceramic materials, for example) 
C02-laser has a first priority. 

2.3. Requirements to an optical system 
Any optical system for laser microshaping should 

meet three basic groups of requirements: those having to 
do with the laser energy, those connected with the 
operation field and those related to the system accuracy. 

In terms of energy, the system should provide: 
• Light intensity sufficient for performing the 

operation required on the surface treated; 
• Maximum utilization of the laser emission energy, 

depending on the losses on diaphragms (vignetting) 
and on the optical components (Fresnel reflection 
and residual absorption). 
Among the requirements to the accuracy, we will 

emphasize: 
• The need to have the minimum spot size; 
• The need to form a strictly delineated zone of 

treatment with a given shape; 
• The need to obtain minimum edge roughness of the 

zone irradiated (treated). 
In terms of operation field the most important 

questions are: 
• How to cover the füll working field by means of 

opto-mechanical scanning systems or optical 
projection systems; 

• with the acceptable accuracy, productivity and by 
simplest way. 

There are 2 main ways to organize laser beam in 
space for laser microshaping: 1) to operate in the focal 
plane (A, fig.3), or 2) to process surface in the projection 
plane (B, fig.3). The difference is not only in calculation of 
spot size, but in energy distribution also. In the focal plane 
A (fig.3) we have Fraunhofer diffraction distribution 
(Bessel function) — far-field zone, or Gaussian 
distribution for single-^node laser. In any case spot-size at 
the focal plane depends on intensity level — than more 
intensity than less the spot-size — in this sense melted 
zone much more than evaporated. 

Opposite situation in plane B — projection plane B 
(fig.3) is a Frehnel diffraction zone (near-field) and energy 
distribution in this plane repeats the energy distribution of 
the source (or mask — secondary source) plane and could 
be performed nearly homogeneous — with the step edges 
and with any shape of the spot (using the corresponding 
mask). 

Fig.3. Telecentric model of the laser source (multimode 
operation) Focal spot do = ccF, depth of focus 1 = 2d0F/D 
(14) Projection spot Dpr = Dß (15) (ß — amplification of 
optical system, ß = F/1PR ) 

For the focal spot it is have sense to ask — what a 
minimum spot size can be achieved? There are two 
possibilities to overcome diffraction limit: 1) in the far- 
field we have the dependence do(I) and d,^ depends not 
from optical phenomena but from physical limitations in 
the area do(I) < X. For the hole formation in the thin film 
with the thickness h it was shown [1] that 
dmin « h/2 + h depending on film adhesion to the substrate; 
2) near-field lithography where using not conventional 
optics principals and lenses are used, but nanosized probes 
placed at nanosize distance from the surface [7]. 

As for operation field there are two most popular 
systems — scanning system and projection one. Strong 
differences in A and B types of scanning systems accuracy, 
size of field and other parameters partially clear from the 
fig.4. For details one can be adressed to the papers [5,8]. 

12 Proc. SPIE Vol. 4088 



Scanning techniques for LM 

Fig.4. A—A-type-sample surface at the focal plane of a lens 
B — B-type-only the central point of the sample surface at 

the focal plane of lens 

Important note: it is evidence, that for stable 
microshaping conditions (stable quality) one should 
provide stability of power density q. As it is possible to see 
from (11) and (13), that required power density q for 
scanning systems is equal to: q = hVsc/d0Lv(16), or in 

p 
terms of power — = hd0Lv = const = B (17) that means P, 

sc 

Vsc should be constant for stable power. It is especially 
important for machining of complicated shape patterns 
with a high speed, hi this case it is impossible to hold up 
the same speed at the direct lines and at the steep turns 
(short arks). If V^ is not constant but changes along the 
trajectory in accordance with some law V«, (t), it is 
impossible to satisfy to the equation (17) P = BV^t) with 
any dynamic control of continuos-wave laser power. 

So, only pulse-periodic lasers can provide the 
condition (17), that means the constant power density 
of the treated zone and stable quality of laser 
microshaping. 

B-type systems have additional limitations which 
are just clear from the figure that requirements to increase 
L and to reduce d are contradictory to requirement to 
reduce the spot size Cook for details [5]). 

The principles of projection technique is clear from 
the fig.3. The advantage of such kind of systems is 
accuracy at first and complicated (if necessary) shape of 
image. 

The disadvantages connected with energy losses at 
the mask and contradictions between the size of the 
operation field and optical resolution at the image [1]. 

Sometimes the best exit is to use scanning- 
projection technique by scanning at the A-type system of 
projected in the square-shape beam (contour-projection 
method) [1]. 

We can conclude now from the above given 
consideration that to improve quality and productivity of 
laser microshaping it is necessary to use short-pulse lasers 
with high absorbance in a material with high pulse- 
repetition frequency and preferably scanning-projection 
optical system, but of course depending of the operation 

type. Cost effectiveness limits possible solutions in high 
degree. 

3. Practical applications of laser microshaping 
3.1. Microelectronics 

Laser technology in microelectronics is widely uses 
for several kinds of operation [1,2]: 

- laser lithography, which includes mask saving, 
photomask topology correction, mask generation, 
integrated circuits specification, micromarking etc; 

- laser trimming of electronic components like 
resistors, quartz-resonators and filters, functional trimming 
of thin-film circuits etc; 

- information recording, as digital data as analog 
one; 

- laser deposition of thin films and structures; 
- laser annealing, alloying and doping of 

semiconductors; 
- microwelding,   microholes   drilling,   cutting, 

scribing etc; 
- local laser thermochemical and photochemical 

operations like CVD, etching, maskless pattering etc. 

-t amen. Disnsrrae I 
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Scheme 1 

Let us point near only the problems and ways to 
overcome them in laser lithography. It is clear from the 
scheme 1, where is consequently performed distortions on 
the way to registrate pattern at the thin film from optical to 
physical etc. Some of them, hydrodynamical, for example, 
are illustrated by fig.l, b, where the micropattern, 
registrated at the Cr-film is shown. To reduce or to 
eliminate most of them the above given recommendations 
in the section 2 are quite enough. For more details one can 
look monograph [1]. 

3.2. Micromechanics 
Let us put in this section most operations with 

micromechanical components like cutting, holes drilling, 
thermal cleaving, scribing, marking, engraving, welding, 
soldering, hardening etc etc. 
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Most difficult operation is of course precision laser 
cutting in case when the high quality of the final product 
required. One of the most famous example is laser figure 
cutting of medical stents — kind of human vessels 
prosthetic devices [6, 9]. Stents are originally small steel 
tube with diameter ~ 1-2 mm with walls thickness about 
100 u. It should be cutted by tricky pattern (fig.5) with 
minimum amount of any traces of laser treatment like 
drocces, uneveness, thermal affected zone which is shown 
at fig. lc and 6. 

Fig.5. Block diagram of the stent before dilatation 

7 

Fig.6. Characteristics of laser cut quality: m — drocces. s — 

striations, Arn — size of thermal affected zone, R — melting 

radius of the front side, Rz — uneveness of surface, bf and bc — 
width of cut at the front (bf) and at the back (bt,) side, ß — angle 
of the cut lag and of striations inclination (half cut (a) and full cut 
(b) view) 

Recommendations given at section 2 can improve 
the quality stents in high degree. 

3.3. Microoptics 
It is relatively new area of laser microtechnology, 

but it looks very promissable [3, 10]. Laser beam being 
controlled in time and especially in space (on produce 
many tricky microoptical components). Usually, the 
thermal action of laser beam uses, that is why most 
important laser is computer-controlled scanned C02-laser 
[3]. Sometimes it is possible to use excimer laser, 
preradiate the glass sample by, for example, deep UV to 
initiate the strong absorbance at the excimer laser 
wavelength [10]. 

Different phenomena can be and has been used: 
densification of porous glasses, amorphisation of glass 
ceramics, extratempering of optical glasses, microshaping 
in softened phase etc etc. 

The most interesting example in the context of this 
paper is a direct microprofilling of quartz glass during the 
process of laser ablation combined with laser "polishing" 
or smoothening of surface [ ]. 
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Scheme 2. The most significant factors of laser evaporation- 
ablation technique for shaping and surface quality of optical 
components 

The scheme of laser microprofilling is clear from 
the fig.7 where laser beam act like a thin diamond tool. 
The shape of the surface in this case defines by the law of 
the beam trajectory, and it is no problem to provide the 
aspheric shape (fig.8). The problem as usual is a liquid 
(softened) phase appearance which interrupts to realize the 
high surface quality. 

Fig.7. Schemes of laser evaporation of cylindrical surfaces 

Fig.8. Curves of scanning speed changing at the width of sample 
Vsc     (D)     for    aspherical     surface    hyperbolic     function 

y = -J0.4 - Vo. 16 + 4.4x2 /2.2j with different compression 1, 

2, 3 of scanning function y, a), corresponding profiles of 
fabricated (x) and calculated (-) lenses (b). 
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The way to solve this problem is not to eliminate or 
to remove the liquid layer but to use the surface tension for 
radical improving of the surface quality — like at fire 
polishing. What is necessary — to carry condition when 
scanning    beam    drives    the    hydrodynamic    wave, 

V  <VW——— (18) (u — viscosity), hi this case the 
H  dz 

waves in liquid goes to the edge of the sample like 
impurities in semiconductors during the cleaning by zone 
melting (fig.9). This process is easy to realize by combine 
action of laser beam and H2-plasma jet [11]. The final 
result  of one   of this  operations   is   shown   at  the 
fig.9. 

Fig.9. The scheme of the process of glass smoothing by scanning 
heat source 

I'-vr** "?"■•'"•***• 

Fig.10. Photo of aspherical cylindrical lenses produced by laser 
microprofilling simultaneously with H2-plasma jet surface 
smoothing 

4. Future prospects 

It is difficult to forecast nature prospects of laser 
microtechnology by the reason that life sometimes 
outstrips even the most courageous prognosis. 

Nevertheless we shall take the responsibility to 
suggest some future directions of laser microshaping: 
1. 3D microprofilling of complicated-shaped 

microcomponents and microtools like aspherical 
optics, master-digging etc. 

2. Nanotechnology (nanometrics-superresoluted 
components) like submicron lithography, SNOM- 
tips fabrication etc. 

3. Aspherical optics fabrication, especially specified 
complicated raster optics for semiconductor bars 
and matrix, as a medical tools at the distal end of 
fibers. 

4. Supersmall mechanical parts from metals, ceramics 
and plastic for microrobotics, microactuators, 
medicine, MOEMS. 

5. High quality laser microshaping using different 
medias — in and under water and other solutions 
using water guiding laser beam etc. 

6. Combined laser microshaping assisted by plasma- 
jet, gas-jet, water-jet, mechanical forces etc etc. 
For these purposes the further shortening of time- 

action will be useful up to femto- and may be attoseconds 
(Ti-sapphire, excimer lasers), simultaneously with pulse 
repetition rate increasing. 

UV, deep UV and may be X-ray lasers can open 
new perspective in micro- and nanotechnology may be 
especially in molecular technologies like biotechnology 
etc. 

New generation of semiconductor lasers with new 
generation of optics (look p.3.3) could radically change 
many existed laser-processes. 

Cu-vapor lasers due to very good compromise of 
pulse duration, pulse repetition rate, average power and 
wavelength probably will move a little Ng-YAG laser 
from the market especially from the laser systems for 
simultaneous microshaping and viewing (due to high 
amplification coefficient). 

Nd-YAG and COr-laser based (for different 
materials) laser system for microshaping due to good 
compromise of technical parameters and cost efefctiveness 
will stay at the market as a most popular light sources. 

Excimer lasers will be preferrable for treatment of 
all photosensitive media like polymers (photopolymers) 
and also for microshaping of biotissues (skin, cornea etc). 
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Ultrashort pulsed laser ablation of dielectrics has been investigated using ex-situ morphological ex- 
aminations in combination with in-situ time-of-flight mass spectrometry of the ablated species. Analy- 
sis of the energy spectrum of the ablation products provides a wealth of information on the processes 
occurring during femtosecond laser ablation of materials. The presentation will focus on the case of 
sapphire (A1203) and discuss the fundamental processes in ultrashort pulsed laser sputtering. Two dif- 
ferent ablation phases have been identified, a „gentle" phase with low ablation rates and a „strong" etch 
phase with higher ablation rates, but with limitation in structure quality. A comparison of the energy 
and momentum distributions of ejected ions, neutrals and electrons allows one to distinguish between 
non-thermal and thermal processes that lead to the macroscopic material removal. Fast positive ions 
with equal momenta are resulting from Coulomb explosion of the upper layers at low fluence and low 
number of irradiating laser pulses („gentle" etch phase). Pump-probe studies with fs laser pulses reveal 
the dynamics of excitation and electron mediated energy transfer to the lattice. At higher laser fluences 
or after longer incubation, evidence for phase explosion can be derived from both the morphology of 
the surface and the results of the in-situ experiments. 

Keywords: ultra-short pulsed laser processing, dielectrics, ablation, velocity distribution, Coulomb ex- 
plosion, phase explosion, self-focusing. 

1.    Introduction 

Improved availability and compactness of ultra-short, 
sub-ps pulsed solid state lasers has stimulated a growing 
interest in the exploiting of the enhanced flexibility of fem- 
tosecond-technology for micro-machining. Disregarding 
price and user friendliness of present laser systems - which 
will improve massively in the coming years - ultra-short 
laser pulses offer a variety of advantages for precision micro 
fabrication. Presently, the first designated commercial fem- 
tosecond machining stations are available for an expanding 
market. Due to lower energetic thresholds for sub picosec- 
ond ablation and the controllability of individual laser pulses 
(e.g. by laser pulse length) the amount of energy deposited 
into the processed sample can be minimised and highly lo- 
calised. This leads to a reduction of unwanted thermal ef- 
fects, a minimisation of energy diffusion, and little debris 
(material ejection) so that very clean microstructures can be 
achieved with pulses optimised for the individual applica- 
tion. Fig. 1 illustrates as an example that the most perfect 
micropores can be achieved with 800 nm, 200 fs pulses in c- 
A1203 (sapphire) - while other materials, e.g. CaF2 may well 

20 um 
11     >. 

■'■Wm'M 

Fig. 1 Micropores in Sapphire created with ultrafast 800 nm 
laser pulses illustrating the influence of pulse duration 

(left 4.5 ps, right 200 fs - same laser fluence). 

require picosecond treatment for optimal results [1]. Also 
non-linear optical effects may be exploited: efficient multi- 
photon absorption allows one to modify transparent materi- 
als even inside the bulk and to obtain sub wavelength struc- 
ture sizes. Self-focusing due to the non-linear optical Ken- 
effect may be used to induce long, narrow 3D-modification 
traces into the bulk of wide band gap materials. Long, mi- 
crometer thin channels can be also drilled taking advantage 
of the high ablation rates and low heat depositin when em- 
ploying ultrashort laser pulses [2]. 
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These prospects warrant a detailed understanding of the 
physical mechanisms involved in material processing with 
ultrashort laser pulses. From the view point of basic re- 
search, sub-picosecond pulses offer additional advantages: 
In contrast to the more standard investigations of material 
ablation, or sputtering, with ns laser pulses, they do not 
interact with the plume of ablated material since the pulse 
has stopped before the material removal takes place. The 
avoidance of secondary effects due to plume heating as well 
as the possibility of pump-probe experiments on a time scale 
of some tens of femtoseconds to some hundreds of picosec- 
onds makes a detailed investigation and understanding of the 
laser-matter interactions, energy dissipation and mechanisms 
of material removal feasible. In addition new avenues are 
opened to a basic understanding of energy deposition into 
the sample and to a real time monitoring of the electronic 
and atomic processes in solids under the ultrashort pulsed 
laser excitation. 

The present study focuses mainly on sapphire (c-Al203) 
in view of its many useful mechanical, optical and electrical 
properties, and also since it shows in a very clear manner 
two distinctively different ablation phases which are be- 
lieved to be characteristic for pulsed laser structuring of 
wide band gap materials [3, 4], A "gentle" phase is found for 
low laser fluences (and low numbers of laser shots) which is 
characterized by the removal of a few nm (20-30 nm) in 
depth per laser shot, leaving behind a smooth surface. Sur- 
face charging and ion Coulomb explosion is found responsi- 
ble. The "strong" phase is characterized by an order of mag- 
nitude higher ablation rate per pulse. It is accompanied by 
significant plasma light emission and shows a violent expul- 
sion mechanism tentatively assigned to phase explosion. We 
use 

• a quantitative ex situ evaluation of ablation results 
(AFM, SEM, optical microscope). 

• in situ determination of the velocity distribution of ab- 
lation products 

• and pump-probe techniques 
to quantify the appearance of the two phases and glean 

evidence on the mechanisms and dynamics of the processes 
involved. The laser pulses as such offer a convenient tool to 
probe the energy deposition and modification process of the 
material in very controlled manner. The parameters which 
we vary are: 

• number of pulses/site: N 
• pulse duration: x [ps, fs] 
• laser fluence: F [J/cm2] 
• and in the pump probe experiments delay time: At. 

Our study is guided by the generally accepted picture for 
the excitation of dielectrics with ultrashort, near infrared or 
visible laser pulses: The initiating excitation mechanism is 
believed to be multi-photon absorption, either from already 
present morphological or structural defect states in the band 
gap or by interband transitions, which seed free electron 

heating and additional ionisation due to electron impact. 
This is followed by photoelectron emission with surface 
charging and thermalisation of the quasi-free electronic 
system on a material-dependent time-scale and energy trans- 
fer to the lattice by electron-phonon coupling with subse- 
quent heating of the sample. The questions we have tried to 
answer refer to how and how long does it take for a particle 
to be emitted and the approach was to identify the paths and 
temporal characteristics of the energetic channels originating 
from the laser beam and coupled with the emitted particle 
itself. What is the energetic spectrum of the emitted parti- 
cles? What happens to the surface and to the affected bulk 
after laser irradiation? To what extent can this micron or 
sub-micron modification be controllable by an optimal 
choice of laser parameters? What is the role of laser induced 
defects in surface micro-machining or optical properties of 
the irradiated solid? 

2.    Quantitative ex situ identification of gentle and 
strong ablation phase 

It will be shown that a suitable choice of laser parameters 
can tune the transition between different processes, domi- 
nated by either non-thermal or thermal mechanisms, respec- 
tively. A first fingerprint of this change in mechanisms is 
gleaned from determining the material removed by a single, 
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Fig. 2 Log-log plot of the amount of material removed from c- 
A1203 after the first laser pulse (800 nm, 100 fs) as function of 

its fluence. 

ultra-short laser pulse a function of fluence. This is shown in 
Fig. 2 for sapphire at a pulse width of 100 fs as determined 
by a careful evaluation of the volume of the ablated spot by 
atomic force microscopy (AFM). At low fluence, it shows in 
a log-log plot a high slope of ~8, indicative of a high order 
excitation. At high fluence we observe a nearly linear in- 
crease, i.e. the material removal is proportional to incident 
energy which reflects a thermal process and significant tem- 
perature rise of the lattice. 
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10 shots: gentle 
etch phase 

30 shots: begin- 
ning of the strong 

etch phase 

Fig. 3: Transition from gentle to strong etch phase in c-Al203. 

This change of mechanisms which is attributed to differ- 
ent ablation phases is most evidently identified by the visual 
appearance of the irradiated area in a scanning electron 
microscope (SEM). This is illustrated in Fig. 3. The first 
laser shots above the damage threshold initiate the gentle 
etch-phase. For 200 fs irradiation the gentle etch-phase 
(N<30) is characterized by an extremely smooth surface 
(sometimes even smoother than the initial state), both at the 
sidewall and at the bottom of the dip with almost no pattern 
developing except ripples [2] and with no debris particles 
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Fig.4: Quantitative determination of the transition from gentle to 
strong etch phase by measuring the ablation rate per laser pulse and 
the degree of ionisation in the plume as a function of the total num- 
ber of laser pulses N applied to a given site. The pulse duration was 

T = 200 fs, the laser fluence F=4.0 J/cm2. 

around the rim. Material is removed with every laser pulse, 
including the first one. The ablation rate is low, around 20- 
30 nm/pulse as determined by a volume evaluation using 
Atomic Force Microscopy (AFM) [4]. 

At a higher number of laser pulses, the appearance of the 

spot changes dramatically as illustrated for N=30 in Fig. 
3. The surface shows the characteristics of the strong abla- 
tion phase: increased roughness and signs of a violent proc- 
ess of thermal nature, among them droplets, melting traces 
and splintered edges. At a still higher number of shots even 
crater formation is observed. The mechanisms underlying 
this strong etch phase is basically thermal and may be asso- 
ciated with phase explosion [5, 6]. 

The change from the gentle to the strong etch-phase oc- 
curs between 25 and 30 laser pulses per site at this particular 
fluence and depends also on fluence and laser pulse width. 
At the same time the ablation rate increases drastically (-300 
nm/pulse). This allows us to determine the crossover be- 
tween the two phases in a quantitative manner [7] as illus- 
trated in Fig. 4 (upper panel). We can also determine the 
degree of ionisation in the plume from a quantitative evalua- 
tion of the ion current during each shot and comparison with 
the amount of material ejected. As seen in the lower panel of 
Fig. 4, the ionisation efficiency also changes dramatically 
when the mechanism changes from gentle to strong: in this 
case, the degree of ionisation drops massively. It should be 
noted that the results of these measurements are not depend- 
ent on the repetition rate at which the laser is operated (on 
sub-Hz and Hz scale). 

We attribute these dramatic changes observed as a given 
site is exposed to a number of laser shots to the build up of 
defect sites by each laser shot. We clearly observe incuba- 
tion as discussed in the introduction. 

The measurements described above were taken at a flu- 
ence of 4 J/cm2, just above the single shot ablation threshold 
(3.5 J/cm2). In addition, the incubation effects manifest 
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Fig. 5: Reduction of threshold fluence for ablation of sapphire 
(signalised by a burst in ion emission) as a function of preceding 

laser shots of the same fluence, documenting incubation. Two 
different pulse durations are examined, reflecting the well known 
[4, 8] reduction of threshold fluence as the pulse width is reduced. 
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themselves also in a visible reduction of the ablation thresh- 
old at repetitive irradiation. This is illustrated in Fig. 5 for 
two different laser pulse widths. The effect of incubation is 
both modifying the absorbing cross section through defect 
accumulation and inducing new routes for energy deposition 
into the lattice besides the electron-phonon coupling. De- 
fects act like trapping centers strongly coupled to the lattice. 

3.    Velocity distribution of ejected particles (in situ) 

In order to gain further insight into the nature of the gen- 
tle and strong ablation phases we have also measured the 
velocity distributions of the emitted particles by a time-of- 
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Fig. 6: Schematic of the experimental setup used to determine 
angular and velocity distributions of ablated particles 

flight analysis (TOF) of the particles ejected during each 
laser shot. A schematic overview of the experimental set-up 
is shown in Fig. 6. 

The target can be rotated around an axis perpendicular to 
the detection plane so that also angular distributions (6 de- 
pendence) of the ablated particles can be determined. The 
time-of-flight spectrometer (TOF) is a modified Wiley- 
McLaren setup which can be operated such that both the 

masses and the velocities of the particles may be determined. 
This is illustrated in the lower panel of Fig. 6. By letting the 
ions drift over several cm into a pulsed extraction field the 
velocity is derived from the time between laser pulse being 
fired and the extraction field being applied. The measured 
time of flight spectra are projected onto a velocity scale 
thereby accounting for the appropriate Jacobian factor. 

Two characteristic angular distributions measured with 
this set-up are shown in Fig. 7. We see that the distributions 
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Fig. 7: Angular distribution of ejected ions in the plume for 
three different sets of laser parameters. Experimental points are 

given by circles and squares, the cos"6 fits are given by full 
lines. 

are strongly forward peaked, indicating efficient repulsion 
from the surface while for a purely thermal, statistical emis- 
sion we would expect a cosö distribution from the laser 
irradiated spot (although, hydrodynamical effects in the 
plume will act towards narrowing). We also observe that 
higher number of shots and longer pulse lengths lead to 
broader distributions. 

More information can be obtained from the velocity dis- 
tributions, of which two characteristic examples are shown 
in Fig. 8 (TOF axis normal to the target). 

We see distributions with most probable velocities of 20 
to 50 km/s, which are far above thermal energies. They are 
particularly high in the region of gentle etching while the 
most striking feature observed is a dramatic shift towards 
lower velocities and also some broadening with increasing 
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Fig. 8: Some examples of measured velocity distributions of the 
ions ejected from c-Al203 irradiated by 200 fs, 4J/cm2 laser 

pulses. The most probable velocity stays approximately constant 
for N<30 and shifts drastically for larger N towards lower veloci- 

ties as the strong ablation phase is reached. 

number of shots N. The same is observed for larger fluences 
as well as for increased pulse widths. Generally speaking, 
the shift occurs at laser parameters for which in the ex situ 
studies we have observed the transition from the gentle to 
the strong etch phase. 

Fig. 9 summarises some of the data obtained for 0+ an 
Af. We plot the ion kinetic energy E^ as a function of the 
number of laser shots for one set of laser parameters. We 
note that the kinetic ion energies observed are far above any 
reasonable assumption for a purely thermal origin (T/EM,, 

-10000 K/eV), even in the strong ablation phase. It is, how- 
ever, interesting to note that the energy of aluminium and 
oxygen atoms tend to become equal with a high number of 
shots, i.e. in the strong ablation phase, while they are distinc- 
tively different in the gentle ablation phase. 

To illustrate this even more clearly, we show these data 
again in Fig. 10, this time in terms of the ratio between a) 
most probable momentum and b) most probable energy for 
the 0+ and Al+ ions. 

It is evident that the momenta of the ions are equal in the 
gentle etch phase while in the strong etch phase there is a 

1 10 100 

number of pulses N 

Fig. 9: Most probable kinetic energies of ions ejected normal to the 
c-Al203 surface irradiated by 200 fs, 4J/cm2 laser pulses as a func- 

tion of the number of laser shots. At a small number of shots Al+ and 
0+ ions have different energies. Note the dramatic drop of energy at 

around N~30 where the transition from gentle to strong etching 
occurs. 

tendency towards equal energies for both species. This ob- 
servation give strong evidence that electrostatic forces (Cou- 
lomb explosion) dominate the gentle etch phase. If these act 
for a limited time (the average expulsion time Ux) both ions 
(having the same charge q) experience the same electric 
force FE,(t)= eE(t) in the space charge field E(t) we expect 
them to gain the same momentum: 

p=]FEl(t')dt'*FEltex (1) 

As a crucial check we can study doubly charged ions 
which should have twice the momentum of singly charged 
ions. This is indeed the case (not shown here [9]). Without 
going into details here we briefly mention that we have also 
measured the velocity of the neutral particles expelled from 
the irradiated area by using a second, post-ionising laser in 
the extraction zone and repelling the original ions before 
post-ionisation [10]. We recall that these neutrals constitute 
90% of the matter ablated in the gentle and 99% in the 
strong etch phase. We find that this velocity distribution 
resembles that of the positive ions in the strong etch phase. 
This indicates a thermalisation process after the initial ioni- 
sation phase from which only the fast Coulomb explosion 
ions can escape. Additional insight into the processes occur- 
ring during the initial phase of the ablation is gained from 
detecting the emitted electrons and estimating their energy. 
This can be done by essentially reversing the electric poten- 
tials of our TOF spectrometer and negatively biasing the 
sample. Since the mass spectrometer was not designed for 
this purpose the energy resolution is rather poor. 
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The average electric stress (effective area per 
particle S=;ra0/4) is given by 

1 10 100 
number of pulses N 

Fig. 10: Ratio of characteristic parameters from measured 
velocity distributions of 0+ and Al+ ions. Upper panel: most 
probable momenta, lower panel: most probable kinetic ener- 

gies. 

Fig. 11 shows the result of this experiment. It still gives 
us, a very useful overview of what is happening: Clearly, 
two groups of electrons can be discerned: a very fast distri- 
bution arriving at the MSP at times less than a (is, corre- 
sponding to several eV of kinetic energy followed by a very 
slow group of ejected electrons with energies in the range of 
meV. Obviously, the first group reflects - at least part of - 
the initially emitted photoelectrons. They originate from 
direct multiphoton ionisation of the valence band and defect 
states and from additional laser interaction with the free 
electrons in the conduction band [11]. They leave the sample 
at an early time, which leads to the original build-up of the 
surface charge. The broad distribution of rather slow elec- 
trons is characteristic for the electrons simply carried along 
with the plume and help to partially neutralise the latter as it 
expands. 

Additional evidence for the electrostatic origin of the ini- 
tial surface break-up in the gentle etch phase comes from a 
semiquantitative argument. The minimum charge density at 
the surface necessary to induce Coulomb explosion can 
simply be estimated from the requirement of electrostatic 
stress (force per unit area) to overcome the local mechanical 
(or bonding) stress [12]: 

'El 
1 El 

s 
f2e2l 
2 4 n EEnan 

(2) 

when a fraction/ of the particles is ionised in the irradi- 
ated volume. Here a0 is the average atomic spacing in the 
lattice (2 Ä), 1=3.64 is a factor taking into account the lattice 

geometry and s«10 the relative dielectric constant for sap- 
phire.     For     the     bulk     material     the     mechanical 

stress <JMech =AX/JCE for bond breaking has been esti- 

mated by E/10 where E is Young's modulus (335 GPa for 
sapphire [13]). For atoms in the surface layer this will obvi- 
ously be smaller and we take a compromise value of E/20. 

With these values we obtain />0.5 as the critical fraction of 
ionised species on the surface of the irradiated volume at 
which surface break-up due to Coulomb explosion is ex- 
pected to occur [9, 14]. 

On the other hand, we may also obtain an estimate for/ 
from the experimentally observed (most probable) momenta 
p of the ions above the threshold. With eq. (1) we derive an 
average electric force assuming an effective expulsion time 
of 1 ps (the time scale during which the surface charge re- 
mains stable as evidenced by the pump-probe experiments 
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Fig. 11: Time-of-flight measurement for the electrons ejected 
during the gentle phase for 100 fs irradiation. 

described in section 4). From the average electric force we 
derive finally via eq. (2)/=0.6-0.8, in good agreement with 
the former estimate. 

From all these observations we conclude, that Coulomb 
explosion is indeed a dominant driving mechanism for ion 
expulsion during the gentle ablation phase. It is most directly 
seen in the momentum distribution of the ions ejected. 
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4.    Pump-probe measurements 

Finally, we report briefly about dynamical studies using 
femtosecond pump probe techniques which allows us to 
follow the dynamics of the energy deposition and redistribu- 
tion process in real time. The experimental set-up is essen- 
tially unchanged, except that now we use two laser pulses 
which are delayed with respect to each other by a variable 
delay time At. Each of these pulses has a fluence below the 
single shot ablation threshold while both together are suffi- 
cient to overcome this value. By exposing the sample subse- 
quently to both of these pulses, we can detect the energy 
redistribution channels within the sample. The key question 
here is how long the material remembers that it has been pre- 
treated by the pump pulse. 
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with neutralization due to carrier diffusion. 
iii.) The second rise of the ion signal is attributed to lat- 

tice heating due to electron-phonon coupling. In a separate 
experiment we were able to detect increased optical scatter- 
ing regarded as the onset of efficient ablation, i.e. the main, 
neutral component removal on the same time scale. 

Support of this interpretation is obtained from measuring 
the velocity distributions of the ions at the two different 
delay times marked in Fig. 12. This measurement is pre- 
sented in Fig. 13. We see very clearly that at short delay 
time (<lps) between pump and probe pulse the ion velocity 
replicates the fast ion distribution which we have observed 
in the gentle etch phase and which we attributed to Coulomb 
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Fig. 12: Fast Al+ ion signal in a pump-probe ablation 
measurement on sapphire with 80 fs pulse width. 
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Fig. 13: Measured Al+ ion velocity distributions at two 
different delay times At between pump and probe pulse 
marked by arrows in Fig. 12. Squares: At = 0.6 ps (Cou- 

lomb explosion), circles At = 12 ps (thermal origin). 

Fig. 12 shows the fast ion Af yield (20000 m/s) when 
the sample is irradiated by a first sub-threshold 80 fs pulse 
and probed with a second, identical pulse, delayed by At. 
Several distinct features have to be distinguished, all of them 
clearly reproducible. 

i.) The maximum observed at zero delay and the corre- 
sponding minimum at 0.1 ps between pump and probe pulse 
simply reflects the optical interference between the two 
coherent pulses of equal wavelength and is without rele- 
vance for the understanding of the ablation process. 

ii.) After an initial decrease the signal rises to a first 
maximum and then decreases again, reaching a minimum at 
around lps. We take this to reflect the initial electron dy- 
namics and electrostatic energy accumulation at the surface: 
A hot electron bath and a sub-critical charge are initiated by 
the pump pulse. The second pulse adds to this excitation, the 
threshold is exceeded and ion ejection occurs. The surface 
charge build-up is reflected by the maximum around 600 fs 
followed by decay after 1 ps, which we take as the time 
period necessary for the surface charge to survive at suffi- 
cient magnitude to lead to Coulomb explosion as discussed 
before. The following decay up to lps reflects charge reduc- 
tion, connected with the emission of charged particles and 

explosion. The dynamics involved in fast ion formation 
obviously relies on the availability of sufficient electron 
density in the conduction band to induce efficient photo- 
emission and subsequent charging with IR pulses. In con- 
trast, at long delay times (>10ps) electron energy has been 
transferred into the lattice so that a strong thermal process 
becomes effective and absorption of the second laser pulse 
couples better with the heat bath of the lattice. 

In a second pump-probe experiment we have studied the 
response of the prompt electrons and compared it to the ion 
yield as illustrated in Fig. 14 (100 fs pulse duration). The 
electron signal follows the same temporal characteristics as 
the ion signal we have attributed to Coulomb explosion (the 
decay at around lps in Fig. 12), supporting the idea of elec- 
trostatic ion ejection due to efficient photoemission [9]. 
Also, measuring the slow electron yield (12000 m/s) we 
record the signature of a pure thermal effect on the time 
scale of electron-phonon coupling. 

5.    Conclusion 

We have shown that the transition from the gentle to the 
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Fig. 14: Prompt electrons (empty squares) and fast (full squares) 
and slow (open circles) Al+ ion signal in a pump-probe measure- 

ment on sapphire with 100 fs pulse width. 

strong etch phase in ultrashort laser ablation of wide band 
gap materials, here exemplified by c-Al203, is closely related 
to the incubation process and can be explored in a quantita- 
tive manner. The gentle phase is connected with macro- 
scopic surface break-up due to Coulomb repulsion and effi- 
cient emission of fast ions (10% of the total material emit- 
ted). At higher fluence and a larger number of laser shots a 
transition to the strong etch phase is observed, accompanied 
by a reduction of the degree of ionisation (to about 1%) a 
drastic increase of the ablation rate and reduction of ion 
energy which goes along with a quasi thermalisation of the 
emitted particles, Pump probe experiments allow us to fol- 
low the time evolution of the energy deposition and redistri- 
bution process and the balance between electrostatic energy 
accumulation and heat deposition. Surface charging is found 
to survive beyond the critical value for break-up for about 
1 ps. Probe absorption first is maximized at about 600 fs due 
to better coupling with the hot electron system. Subsequently 
at about 10 ps, the time scale of electron-phonon thermalisa- 
tion, the lattice appears to be most susceptible to absorption 
of probe photons as a consequence of temperature increase. 
Finally, after several 100 ps the sample has cooled and 
looses the intermediate ability for very efficient energy ab- 
sorption. For further details we refer the interested reader to 
forthcoming publications. 

We wish, however, to indicate some potential applica- 
tions of the present findings which are subject to further 
studies in our laboratory: Lattice heating by the first pulse 
and efficient absorption of a second pulse after some ten 
picoseconds might open new avenues to overcome the well 
known difficulties with deep hole drilling into transparent 
materials or surface polishing in precision optics fabrication. 
Cracks which are observed even with femtosecond lasers 
could possibly be avoided when ablation in the gentle phase 
regime is combined with energy deposition into the premol- 
ten material by a second pulse. 
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We used 395-nm and 790-nm femtosecond laser pulses to deposit aluminum-doped zinc oxide 
films by pulsed laser deposition.    Electrical resistivity of the films was lowered (5.6 X 10" Q cm) 
at 200°C for the 395-nm laser pulses, while maintaining the optical transparency.    In addition, the 
deposition rate increased six times.    Optical emission was measured to compare the plumes 
generated by 395-nm and 790-nm laser pulses.    We found that the emission from ions was sup- 
pressed relative to neutral atoms.    Also the kinetic energy of ejected species was nearly doubled 
for the 395-nm laser pulses. 

Keywords: femtosecond laser, pulsed laser deposition, zinc oxide, electrical resistivity, optical transparency, wavelength 
conversion, optical emission, flight velocity. 

1. Introduction 

Pulsed laser deposition (PLD), which is based on 
ablation of target materials by high power density laser 
pulses, is becoming increasingly popular [1]. So far, 
nanosecond laser pulses such as excimer laser or Nd.YAG 
laser are traditionally used in PLD. Recently, reliable 
femtosecond laser consisted of an oscillator and a 
regenerative amplifier based on Tirsapphire have become 
available, which enables us to excite the targets with 
extremely high power densities. They have been used for 
PLD in place of the traditionally used nanosecond laser 
pulses with promising results [2-5]. 

A Ti:sapphire femtosecond laser system is generated in 
the    near-infrared    region    (around 800 nm), although 

a) Present address: Department of Electrical and Electronic 
Engineering, National Defense Academy, 1-10-20 Hashirimizu, 
Yokosuka 239-8686, Japan.    E-mail: okoshi@nda.ac.jp 

polymers were ablated by ultraviolet femtosecond laser 
pulses successfully [6,7]. However, the generation of 
such short wavelength pulses requires a complicated 
apparatus, which is not necessarily fit for practical material 
processing. On the other hand, the laser wavelengths can 
be halved with a high efficiency simply by passing the 
femtosecond pulses through a non-linear crystal like ß - 
BaB204 (BBO). Therefore, by using the wavelength 
halving technique femtosecond PLD at shorter laser 
wavelengths can be carried out without adding any 
complicity. 

In the present work, we examined the effect of laser 
wavelengths on femtosecond PLD of ZnO:Al films using 
the wavelength conversion technique. ZnO:Al films 
deposited by PLD are recently used as the electrode for 
organic light-emitting devices [8]. We were interested to 
learn how the laser wavelengths influence the film 
properties, in particular electrical resistivity and optical 
transparency. Optical emission was measured to compare 
the plumes generated by 395-nm and 790-nm laser pulses. 
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In addition, the data for varying doping ratio of ZnO target 
and new results of optical emission are added to the our 
previous work [9]. 

2. Experimental 

An arrangement used in the present PLD experiment 
was described previously [5]. We used 790-nm, 130-fs 
and 10-Hz laser pulses with pulse energy of lOmJ. And a 
0.5-mm thick BBO crystal (Dhow Co.,Ltd.) was used to 
halve the laser pulses. The pulse energy was reduced 
from 10 mJ to 3.2 mJ by the wavelength conversion. The 
laser target was ZnO tablets (Furuuchi Chemicals), 30 mm 
in diameter and doped with 0.5, 2 and 4 wt.% Al2Ov The 
substrates were 0.3-mm-thick Si (100) and 0.5-mm-thick 
quartz plate. Hydrogen-terminated Si (100) surface was 
prepared, as previously described [5]. 

We measured the room-temperature electrical 
resistivity of the deposited ZnO:Al films by a four-probe 
methods. To evaluate the transparency of the films, we 
used a double-beam monochromator (Hitachi, type 100-10) 
and measured the transmittance in the range of 300 to 900 
nm. 

3. Results and discussion 

The transmittance of the ZnO: Al films deposited by the 
395-nm and 790-nm laser pulses is compared in Fig. 2. 
For this measurement, the films were deposited on quartz 
plates at 200°C. The deposition time was adjusted to 
make all films 40-nm thick. The transmittance measured 
above 450 nm was identical for the two films, while below 
this wavelength the film prepared by the 395-nm laser 
pulses was more transparent. 
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Fig.l The electrical resistivity of ZnO:Al films deposited 
by femtosecond PLD at laser wavelengths of 395-nm and 
790-nm. 

3.1 Electrical and optical properties 
Figure 1 shows the electrical resistivity of the ZnO:Al 

films deposited by the 395-nm and 790-nm laser pulses on 
silicon between room temperature and 250°C. We used a 
2 wt.% ZnO:Al target. The electrical resistivity was 
lower throughout the measured temperature range when 
deposited by the 395-nm laser pulses. For instance, at a 
temperature of 200 °C, where the films became most 
conductive, the electrical resistivity was 5.6XlO"'1ficm 
(for the 395-nm laser pulses) against 3.0Xl03ßcm (for 
the 790-nm laser pulses). 

The films were grown for 60-min. The deposition 
rate was 4 nm/min for tine 395-nm pulses, and therefore 
they were 240 nm thick. The films prepared by the 790- 
nm laser pulses were 40 nm thick. 

When we used a 0.5 wt.% ZnO:Al target, the electrical 
resistivity of the films was slightly lower (1.8 X10° Q cm) 
in only the PLD using 790-nm laser pulses. In the case of 
4 wt.% ZnO:Al target, the electrical resistivity was higher, 
compared to even non-doped ZnO [5]. 
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Fig.2 The transmittance of the ZnO: Al films deposited on 
quartz by 395-nm and 790-nm laser pulses. 

3.2 Optical emission studies 
Figure 3 shows the optical emission spectra of plumes 

generated by the 395-nm laser pulses (Fig. 3(a)) and the 
790-nm laser pulses (Fig. 3(b)).    The light was collected 
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by a 17-cm lens, which was focused into a space 5 mm 
apart from the target surface, and analyzed by a 25-cm 
monochromator. The detector was a photomultiplier 
(Hamamatsu Photonics R928). Major peaks were 
identified and marked in the spectra [10]. The emissions 
fromZn, Zn+, O and 0+ were observed in the both spectra. 
Comparing Fig.3 (a) and (b), we found that the Zn+ 

emissions became weak relative to the Zn emissions for the 
395-nm laser pulses than for the 790-nm laser pulses. A 
similar tendency was observed for oxygen. In the case of 
the nanosecond PLD of ZnO, the relative ZnT emission 
intensity also decreased in an order of decreasing laser 
wavelengths, 248 nm (KrF laser), 532 and 1064 nm 
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Fig.3 Optical emission spectra of plumes generated by (a) 
395-nm and (b) 790-nm laser pulses. 

(Nd:YAG lasers) [11]. In accordance with this, the film 
quality was improved at short wavelengths [11-12]. 
Therefore, the suppression of ions may be linked to the 
improvement of film quality in both nanosecond and 
femtosecond PLD of ZnO. A peak observed at 656.2 nm 
in Fig.3 (a) was induced by H, but we do not understand 
why hydrogen was generated only by the 395-nm laser 
pulses. 

We also measured the delay of the emission relative to 
the laser pulses to obtain the flight velocity of O, Zn and 
Zn+. The results are shown in Fig.4. We detected the 
emission at spaces 5 and 10 mm apart from the target 
surface. Flight velocity, which is obtained by the slope, 
is summarized in Table 1 together with the kinetic energy 
calculated from the velocity. It is seen that the 395-nm 
laser pulses nearly doubled the kinetic energy for the three 
species. The energetic species may also contribute to the 
improvement of the film quality. 
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Fig.4 Relation between flight path and delay time of Zn, 
Zn+ and O generated by (a) 395-nm and 790-nm laser 
pulses. 
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Table 1 Flight velocity and kinetic energy of O, Zn and 
Zn+ ejected from a ZnO target by 395-nm and 790-nm 
femtosecond laser pulses. 

Flight velocity 

(X 10" m/s) 

Kinetic energy 

(eV) 

395 nm     790 nm       395 run     790 nm 

1.5 

1.7 

3.5 

44 

190 

710 

19 

100 

410 

4. Conclusion 

We demonstrated the merit of wavelength conversion 
from near-infrared (790 nm) to visible light (395 nm) in 
femtosecond PLD of ZnO:Al films. The electrical 
resistivity of the films was lowered from 3.0 x I0'3ß cm to 
5.6 X 10"10 cm by halving the laser wavelength. The 
deposition rate increased six times by the conversion in 
spite of lower pulse energy. The plume generated by the 
395-nm laser pulses was characterized by the reduction of 
the Zn and O ions relative to the neutral atoms. The 
kinetic energy of O, Zn and Zn\ which was estimated by 
measuring the flight velocity, was nearly doubled when the 
395-nm pulses were used. 
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We report a novel photo-polymerization technique of well-defined three-dimensional (3D) layer-by-layer structures by two- 
photon absorption (TPA) in resins. By changing the structural parameters such as the rod diameter, pitch (intra-rod distance in 
plane) and angular orientation between neighbor planes different lattice types can be accomplished. This enables a systematic 
investigation of optical properties of photonic crystals (PhCs) made by TPA photo-polymerization. The solidified skeleton of 
PhC can be utilized as a mold to infiltrate solidifiable dye. Selective removal of the solidified resin can yield in a reverse PhC 
structures. When the defect-layer(s) are introduced into PhC during fabrication the PhC may act as a high-quality microcavity. 
A defect mode has been observed for the first time in thus-fabricated structures. 
Laser-microexplosion fabrication is another promising technique for the PhC and optical memory applications. To achieve an 
opening of a full-bandgap the media of high dielectric constant is of request (a high dielectric contrast is necessary). 

1. Introduction 

There is an increasing requirement for the simple proto- 
typing technologies1 enabling the fabrication of sub-urn 
structures. The photo-polymerization as one of the branches 
of micro-stereolitography2,3 (uSL) is a promising technique 
to fabricate fine structures (smaller that the optical 
diffraction limit) by the use of optical field enhancement in 
the vicinity of a conducting tip4 (planar fabrication) or by 
the scanning a focal point of light inside resin, where photo- 
induced polymerization is taking place via linear or 
multi(two)-photon absorption,5 which allows three- 
dimensional (3-D) fabrication with high resolution. 

Another issue, the photonic crystals (PhCs),6 is closely 
related to the microfabrication, and only now, more than 
after a decade the concept was introduced, the PhCs 
operating in visible emerge.7'8 This is primarily due to the 
adaptation of (sub)micro-technology, which made break- 
through. One particular aspect of photonic bandgap (PBG) 
effect9 is of interest, namely, a control over a spontaneous 
emission (Purcell effect predicted in 1946),10 which is 
promising for a number of applications, such as, existence of 
localized, propagating and diffusion (incoherent 
propagating) fields," polarization change in emission, 
selective filters for light detectors,13 etc. The spontaneous 
emission rate can be increased by a factor of 3 A Q/4n V in 
the cavity of the volume V, here Q is the smallest from the 
two, the cavity quality Q =  a/Aco and the material's 

"quality" Q = XIAX defined by its linewidth AX. This 
number represents the ratio of the density of photonic states 
in cavity and in material and additionally depends on the 
refractive index of material. This dependence can be 
expressed by a factor 1/w.3 The introduction of a defect of 
the volume A3 into a PhC lattice can be seen as creation of a 
micro-cavity in which the spontaneous emission is coupled 
into the only available photonic mode and the emission is 
enhanced as long as Q is large. First experimental 
observation of the Purcell effect was published in 1998.14 

The introduction of the defects in PhCs leads towards light 
localization, waveguiding,15 PBG extension in disordered 
PhCs (the consequence of the effects of PBG and Anderson 
localization),16 delay in the light propagation17 to mention 
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300 400 700 
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Fig. 1. Absorption spectra of Nop800 resin diluted in l-methoxy-2- 
propanol up to 1 wt%. Thickness of solution was 1 cm. Fabrication 
wavelength was 398±7 nm (pointed by arrow). 
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few. 
The aim of the present study was to fabricate well- 

defined 3-D patterns inside resin by two-photon absorption 
(TPA) using fs-pulses with the eventual task of fabrication 
the PhC structures employing layer-by-layer technique and 
introduce the defect layers inside the stack. This shows that 
U.SL can be considered as a tool for PhC fabrication and 
that after affordable improvement the visible region of 
operation can be reached. 

2. Experimental 

Laser setup used for photo-polymerization was fs- 
Ti:sapphire laser with regenerative amplifier (Spectra 
Physics), which delivered up to 0.6 W at 795 nm and were 
operating at 1 Hz-1 kHz repetition rate. The second 
harmonic of these pulses was introduced into microscope 
with oil-immersion (the refractive index of the oil was w„,y = 
1.515) objective lens of xlOO magnification and numerical 
aperture (NA = 1.35) and was used for fabrication inside a 
resin Nopcocure 800 (hereinafter Nop800) from San Nopco 
(the refractive index of the resin was nNopm] = 1.5-1.6), 
which is based on the acrylic acid ester. The fabrication 
patterns were pre-programmed and the high resolution (< 5 
nm steps in XYZ) piezoelectric stage with the optical shutter 
were controlled accordingly. U 
nsolidified resin was removed by the development in 
acetone, where structures were soaked for 10-20 min. 

3. Results and Discussion 

Typical absorption spectra of Nop800 resin is presented in 
Fig. 1. The absorption coefficient at 398 nm fabrication 
wavelength was only 1.4 cm"' for linear absorption and few 
orders larger for the shorter wavelengths. This shows the 
suitability of this resin for a curling induced by TPA. An 
example of the 3-D fabrication is given in Fig. 2. Scanning 
electron microscopy (SEM, made on TS-4200, Hitachi) 
image of a gear wheel shows that sub-um  features in 

Fig. 2. Scanning electron microscopy (SEM) image of 3-D gear, 
which was made in Nop800 using 398 nm irradiation. The height 
of the gear was ca. 3 urn. 
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Fig. 3. Optical transmission (a) and SEM (b) images of layer-by - 
layer PhC fabricated in Nop800 using 398 nm irradiation (TPA 
fabrication). The plane (OOl) is presented in (a). The size of PhC 
was 40x40 urn2 and was limited by the working distance of the 
PZT-stage. Number of layers 20. 

fabrication are in principle accessible. The thinning of the 
wheel cogs' was observed when development procedure was 
longer. The choice of the resist is due to its high viscosity, 
which allows to fabricate the structure without a distortion 
caused by the floating. The novelty of proposed 
photopolymerization is in free 3-D positioning of focus 
inside a resin. The drift of the object currently under the 
fabrication usually is caused by a heat released during a 
polymerization and was absent in our method. Fs-pulses 
here has advantage over a continuos wave (cw) laser curling 
due to less expressed heating induced by light absorption. 
This is due to a predominantly non-thermal light-material 
interaction in the case of fs-pulses. It is necessary to point 
out, that the photo-initiator (or photo-sensitizer with 
initiator) are usually unknown for customer and the resins 
are optimized for fabrication made by cw-lasers. Thus, there 
is room for improvement in the adaptation of resin to fs- 
fabrication needs taking into accout the complexity of the 
onset of polymerization.w This eventually can yield in the 
improvement in resolution of fabrication. 

Even at the current state the PhC structures can be 
fabricated as we reported recently.'9 2-D PhC was made of 
layer-by-layer structure.20 It has a symmetry of face centered 
tetragonal (fct). When da- 4l, the lattice can be derived 
from face centered cubic (fee) unit cell with a basis of two 
rods, here c is the period of stucture along (001) and a is the 
intra-rod distance in one plane. For the laser fabrication, 
commonly, we have c>a>2r, where r is the diameter of the 
rod. Fabrication pulse energy was 90 nJ/puIse at irradiation 
point and was slightly higher than the threshold of photo- 
polymerization at 70 nJ/pulse. This allowed to fabricate 
most tiny structures, since the polymerization is taking place 
only at the apex of the intensity profile of a laser pulse. The 
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Fig. 4. Transmission spectra of layer-by-layer 2-D PhC along (001) 
direction. Structures consisted of 20 layers, the inter-rod distance is 
specified in the inset. 

focal spot size can be evaluated as diameter of the Airy disk 
of diffraction pattern for round aperture (objective lens), 
where 86% of the light intensity is concentrated (Gaussian 
beam is considered). This gives \.22)JNA ~ 374 nm for 
aberration-free optics. A mismatch in refractive indexes 
between immersion-oil/cover-glass and resin is the possible 
source of the large features in the fabricated structures (an 
actual rod diameter was less than lum). The movement of 
the sample on a translation stage and the repetition rate of 
laser were adjusted in such a way that ca. 7-10 nm 
overlapping was made between adjacent pulses to make PhC 
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Fig. 5. Optical transmission of (001) plane (a) and SEM image (b) 
of layer-by-layer PhC fabricated in Nop800 using 398 nm 
irradiation (TPA fabrication). The defect-plane, which is the 10th 

plane (from total 20) with the missing every second in-plane rod is 
presented in (a). 

shown in Fig. 3. Another source of the larger rods in 
diameter than might be expected from the focusing optics is 
the partial polymerization by linear absorption, which is not 
negligible in the vicinity of the focal point, where light 
intensity reaches <103' photons/cm2s. 

The transmission spectra of this 2-D PhC was measured 
by Fourier transform infrared spectroscopy (FTIR, 
ValorHl/Micro20, Jascd) and showed pronounced PBG 
effect at around 2500 cm"1 (or 0.31 eV on energy scale). It 
can be seen that the larger the distance between rods the 
PBG effect is pronounced better (the dip in transmission is 
larger), probably, due to the better development and removal 
of the unsolidified resin.. The spectra had been normalized 
by the transmission of the uniformly solidified bulk resin. 
The transmittance dips under the normal incidence were at 
wavenumbers of 2550, 2510, and 2450 cm"1 for a = 1.2, 1.3, 
and 1.4 nm, respectively (N2 was flowed through the entire 
light path to suppress the disturbance from the absorption by 
H20 and C02 during FTIR measurements). The 
corresponding wavelengths were located inside the 
transparency window of the resin. An increase in the 
wavelength of transmission dip versus lattice constant was 
interpreted by the fact that frequency scales as \ln in a 
medium of refractive index, n. The mean dielectric constant 
increased with filling ratio of resin, which accordingly 
depends on the lattice constant. When the every second rod 
was missing in the 20-rods stack the defect-related mode 
was observed inside PBG of PhC (Fig. 5). 

PhC can be constructed by packing the microexploded 
holes, "atoms," into 3D lattice in silica.21 Intuitively the 
holes resembled the atoms in Thomson atom model, and 
therefore we call these structures inlayed-"atom"-like PhCs, 
which were made by positioning and translating the focal 
point of the laser irradiation inside silica. Each "atom" was 
written in a single laser shot. By using a NA = 1.35 objective 
lens near-spherical voids were obtained and the high 
reproducibility of their shape was favored by the high 
stability of the laser pulse output. Since the microexplosion 
occurs only at the focal point where MPA is taking place, 
the voids can be spatially arranged freely. Different photonic 
lattices were realized just by varying computer-aided design 
program. As an example, one (111) plane of fcc-lattice is 
shown in (Fig. 6). The entire crystal was created through a 
layer-by-layer stacking of (111) planes. 

To testify photonic bandgap effect, a transmission 
spectrum was measured (Fig. 6b). The minimum of 
transmittance occurred at 3490 cm"1. The change of the 
lattice constant caused an according variation of the 
wavelength of the transmission dip as predicted by Bragg 
law, showing that the dip is indeed from the photonic band 
gap effect. A transmission spectrum was calculated by the 
full-vector analysis (transfer matrix technique)22 to 
reproduce the experimental dip wavelength of 2.87 nm 
(3490 cm'1), with the void radius r and the difference in the 
refractive index, AM, as fitting parameters. As a result, void 
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Fig. 6.. 3-D fee PhC structure, (a) optical microscopic image of a 
(111) PhC plane, and (b) simulated (dashed line) and measured by 
FTIR (solid) transmission spectra. Fabrication was made by 
irradiation with singles pulses of the energy of 2.5 light induced 
damage thresholds at 800 nm wavelength. 

diameter d - 250 nm and Aw = 0.45 gave a good agreement 
between the measured and calculated dips. The value of d 
measured by atomic force microscopy (AFM, Seiko 
Instruments SPI300) was larger than 250 nm used in 
calculations. In order to measure the void diameter, the 
sample was polished up to the depth of maximum opening 
of the voxel. The lateral size of the voxel might be altered 
by polishing and, also, the measurement by AFM must be 
de-convoluted from the tip's profile, which is not known; 
that is why we haven't fixed d in the simulation to the value 
measured by AFM. 

1/2/3-D photonic lattices consisting of cylinders can be 
acquired by stacking microexplosion rods. A direct 
application to 3D PhC is, layer-by-layer structure, in which 
adjacent layer is turned by an fixed angle, e.g. 90°, and the 
nearest layers with the same orientation are made with the 
half period offset. 2D triangular lattice has the best 
geometry for achieving a full in-plane band gap for both E- 
(electric field parallel to the cylinder axis) and H-(magnetic 
field parallel to the cylinder axis) polarizations as have been 
shown theoretically23 and experimentally.24 Approximately 
10% transmission dip for H-polarization occurred at a 
wavenumber of 4100 cm"1, while that for E-polarization was 
less pronounced and located at 4000 cm"1.21 A perfect air rod 
structure with refractive index difference of 1.45 (air-silica 
refractive index difference) should permit a full bandgap, 
i.e., light propagation is forbidden in all direction (in-plane 
for the 2D periodic lattice) if a sufficient filling ratio was 
offered. The filling ratio, f, is the percentage of the total 

volume which is occupied by a dielectric and, in the case of 
rigid dielectric rods layer-by-layer PhCs, is expressed as/ = 
jtr/Aa. However, the diameter of the cylinder was smaller 
than necessary, while reducing the line spacing or increasing 
the rod diameter (by increasing the laser power) would lead 
to a distortion of cylinders. 

4. Conclusions 

The fs-pulse-induced polymerization is available for 3-D 
fabrication/prototyping and fabrication of PhCs for infrared 
spectral region around 4 urn. The optimization of resins and 
development procedures is expected to shift the operation 
wavelength towards the optical communication window at 
1.3-1.55 urn. This spectral region is also accessible by the 
fs-microfabrication in solid state materials by micro- 
explosion technique (allows real 3-D free accsess to the 
fabrication sites), as it was demonstrated in the case of silica 
(2.8-2.4 urn). The defect-related mode inside PBG is 
demonstrated for the first time in photopolymerized PhC. 
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The various microscopic modifications in glasses by ultra-short pulses were examined. It was 

confirmed that permanent refractive index changes, and creation of microcrystals with second-order 

nonlinear optical functions could be produced with a femtosecond pulse laser only in selective 

internal areas in glasses. By using a femtosecond laser with a high repetition rate, permanent optical 

waveguides can be successfully written in various glasses, where refractive index changes are 

continuously induced along a path traversed by focal point. We also confirmed that single crystals are 

created from the core region in the waveguides by the laser irradiation, which is used for various 

kinds of optical devices. 

Introduction 

Glass is the most important material in optics, with uses 

in optical fibers, lenses, mirror substrates, and prisms. In all 

of these well-known applications, however, glass is almost 

only used as a passive medium. Since the development of 

integrated optics, glass is expected to use in active functions 

as well, such as in amplification, storage, switch, and 

modulation of light. This is because glass is homogeneous, 

transparent and can be easily fabricated to various forms in 

larger size and to fiber. 

As a general rule, glass has very low optical nonlinearity, 

and the application of an electric field does little to the 

optical wave traveling in the material. It has recently been 

found that when a high voltage is applied across a Si02 plate 

at a high temperature and after the material is subsequently 

cooled   to   room   temperature,   the   poled   glass   can 

frequency-double incoming infrared light up to visible light 

[1]. As early as the beginning of the 1960s, glasses doped 

with rare-earth ions, such as Nd-doped glass and Er-doped 

glass, were used as gain media for lasers, which are two 

examples of the success of the use of doped glass to perform 

an active optical function [2]. Since then many studies have 

been carried out on the interaction of intense laser radiation 

with glass [3, 4]. In particular, we have found that various 

types of interactions with glass can be produced by using a 

femtosecond laser operating at the nonresonance wavelength. 

A short pulse width means that extremely high peak power 

can be obtained and high intensity light can easily be 

achieved by focusing the laser beam. The development of 

high-energy-density femtosecond pulse lasers has prompted 

us to investigated the unexplored potential for inducing 

multiphoton photochemical reactions. Now, photoinduced 
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effects and the creation of induced structures in glasses in 

the context of photonic devices have been the subject of 

many publications, including photoinduced refractive-index 

grating in glass waveguides and fibers, photoinduced 

second-harmonic generation (SHG), optical storage based on 

photoinduced refractive-index change, fast modulation and 

switching of light, photowritten optical waveguides, 

microcrystallization by femtosecond laser, photoinduced 

long-lasting fluorescence and valence change of ion species, 

and photostimulated luminescence in rare-earth-ion-doped 

glasses. 

This study is focused on selected topics which are new 

and of fundamental importance in the applications of active 

glasses in photonic devices. For this purpose, we have been 

researching glasses under the higher electromagnetic fields 

such as a femtosecond laser from the most basic physics and 

chemistry to experiments practicable for optical 

communications. 

Here, brief results on some important photoinduced 

effects of glasses are given in the following. 

1) Laser-induced optical waveguides: Permanent optical 

waveguides can be written in various glasses by using 

a femtosecond laser, where refractive index changes 

are continuously induced along a path traversed by the 

focal point. Producing waveguide-like channels by 

this technique is much faster, easier and cheaper than 

constructing a waveguide by standard chemical vapor 

deposition techniques. 

2) Spectral hole-burning for photo-induced optical fiber 

devices: Spectral hole-burning of Sm2+-doped glass 

can be achieved at room temperature, which can be 

used for high-density optical storage. Spectral 

hole-burning in glass fiber is expected to use for 

demultiplexers in wavelength mutiplexing optical 

communication systems. 

3) Optical memory based on photoinduced valence state 

manipulation of rare-earth-ions in glasses: The 

valence state of rare-earth-ions in glasses, such as Eu, 

can be modified by exposing to irradiation of 

femtosecond laser. This effect is inferred to be useful 

in the fabrication of optical memory devices. 

4) Crystal growth by femtosecond laser irradiation: Clear 

single crystals can be produced by focusing a 

femtosecond laser beam into a tiny region of a 

specially designed glass composition containing 

barium and boron. By moving the focal point, fibrous 

BaB204 (BBO) crystals could be grown. 

Experimental and Results 

1)   Laser-induced optical waveguides [5 - 10] 

Writing of 3-dimentiomal optical waveguides within glass 

by a femtosecond laser. 

Outline of Research Results : It has been found that 

focused irradiation of femtosecond laser beam within glass 

(Fig.l) induces an increase of refractive index (Fig.2). The 

mechanism is based on the multiphoton absorption due to 
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the high peak power. 

Furthermore, it is confirmed that low-loss optical 

waveguides with various shapes can be obtained within any 

place of the glass by scanning the focused spot (Fig.3,4). 

This technique is expected to realize 3-dimentinal optical 

circuits, photonic crystals, and so on. In addition, 

3-dimentional optical memories with ultra-high density are 

also available using the array of spots with the increased 

refractive index. 

Possible Applications: 

1. 3-dimetional optical waveguides 

2. Photonic crystals 
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Fig. 1    Scheme of waveguide writing 
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2) Spectral hole-burning for photo-induced optical fiber devices [11,12] 

Room temperature hole-burning and femtosecond-laser-induced grating in glass fibers 

Outline of Research Results 

Persistent hole-burning experiments were 

performed for Sm2+-doped glass fibers, and the stable 

hole was confirmed at room temperature (Fig.5). 

Applications to multi-wavelength memories and 

wavelength-selective elements in fiber optics are 

expected. 

Long-period fiber gratings were fabricated by 

focused irradiation of femtosecond laser beam to 

induce periodical change of refractive index in silica 

fibers. The obtained transmission characteristic (Fig. 6) 

was found to be very stable even after 

high-temperature annealing below glass transition 

temperatures (Fig.7). This is a remarkable advantage 

compared to the conventional method using UV-laser 

irradiation. Application to the 

wavelength-division-multiplex optical communication 

systems is expected. 

Possible Applications 

1. High-density optical memories in fibers 

2. Wavelength-selective fiber elements 

3. Wavelength-division-multiplex optical 

communication systems 
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3) Optical memory based on photo-induced valence change and memories [13 -15] 

Reduction of Sm ions by femtosecond laser and application to 4-dimentional optical memories 

Outline of Research Results 

It has been found that focused irradiation of 

infrared femtosecond laser within Sm3+-ion-doped 

glass induces a reduction of the ions ( Sm3+ to Sm +) at 

the focused spot (Fig.8). The mechanism is based on 

the photo-reduction by multi-photon excitation due to 

the high peak power of the laser. 

High-density optical memories can be realized by 

using 3-dimensional array of the spots, where 

absorption/luminescence change is used for reading. 

Moreover, "4-dimentional" memories are also 

available by utilizing the hole-burning effect of the 

Sm2+-ions at each spot (Fig.9,10), where the memory 

density reaches 10TB/cm3. 
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Fig.   8      Change   of  luminescence   spectra   with 

irradiation of femtosecond laser 
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4) Laser-induced crystal growth [16 -19] 

3-dimentional crystal growth within glass by femtosecond laser irradiation 

Outline of Research Results 

Focused irradiation of femtosecond laser beam 

within a photosensitive glass containing Ag followed 

by an annealing has been found to precipitate NaF 

microcrystals at the focused point (Fig.l 1). 

It is also found that the focused irradiation and 

scanning of the focused spot within an oxide glass 

containing Ba and B induces a growth of fiber-like 

crystal of BaB204 which is useful as a nonlinear optic 

material (Fig. 12). Second harmonic generation from 

the crystal has been confirmed (Fig. 13). 

It seems that this is an unique technique which 

enables us to form crystalline material at a desired 

place within glass, and applications to various optical 

devices are expected. 
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Fig. 12   Laser-induced BaB204 crystal within glass 

Fig.l 1 Microcrystals precipitated within photosensitive 

glass 

Possible Applications 

1. Laser-induced 3-D crystal growth technique 

2. 3-D optical functional devices 
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Fig. 13    Second-harmonic generation 

from the BaB204 crystal 
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Conclusion 

We believe that research results presented here have 

opened up new possibility in the production of novel 

functional optical materials and photonic devices, and expect 

that most of them can be applied to optical communications. 

However, it is important to point out that the purpose of this 

book is hopefully to inspire further research and 

development of active glasses in photonic devices. In this 

field, new results and discoveries are still being reported 

frequently at meetings and in journals. The research results 

presented in here are only a part of our researches in this 

field. 
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Time-resolved dynamics of plasma self-channeling and bulk modification 
in silica glasses induced by a high-intensity femtosecond laser 
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The time-resolved dynamics of plasma self-channeling and refractive index bulk modification in the silica glasses are first 
observed using a high-intensity femtosecond (110 fs) Ti: sapphire laser (Xp=790 nm). We propose the new pump-probe 
measurement to observe the lifetime of both plasma self-channeling and induced refractive index bulk modification. The 
energy variation of transmitted probe beam, which propagates transversely through the plasma self-channeling is measured. 
At the pre-breakdown domain, the lifetime of induced plasma self-channeling is 20 ps and structural transition time for 
forming the refractive index change is 10 ps. At the breakdown domain, however, the lifetime of induced plasma formation is 
30 ps and structural transition time for forming the optical damage is 40 ps. We find that the process of refractive index bulk 
modification is significantly different from those of optical damage. We also measure a wavelength shift (blueshift) of 
reflected probe beam from the surface of the plasma self-channeling induced by the pump beam. A maximum value of blue 
wavelength shift is 3 nm when the time delay of probe beam is 2 ps. The expanding velocity of the plasma ionization is 
calculated from the wavelength shift (blueshift) using the Doppler formula. A maximum velocity of the plasma ionization is 
calculated to be approximately 6xl05 m/s at the delay time of 2 ps. 

1.    Introduction 
Due to the recent remarkable progress in the chirped 

pulse amplification (CPA) technique [1] with broadband 
tunable solid-state lasers, it has become an innovative tool to 
take an advantage of high power ultrashort laser pulses in a 
wide variety of science and technology fields. The 
interaction between ultrashort, high-intensity laser lights and 
transparent solid materials has become a major concern on 
those application fields since the advent of high-intensity 
femtosecond lasers [2,3]. When a high-intensity laser beam 
is focused into the bulk optical transparent materials at 
higher intensities than the self-focusing threshold, laser- 
induced solid-density plasma, plasma channeling, and small 
filaments are produced [4,5], Plasma self-channeling is an 
intensity-dependent nonlinear phenomenon, in which a laser 
beam is tightly focused and guided for the distance longer 
than the Rayleigh range. It has been interpreted as a 
counterbalance of the self-focusing due to the Kerr effect 
and the defocusing effect due to the formation of a low- 
density plasma [6,7]. Recently, plasma-induced bulk 
modification by the tightly focused high-intensity laser 
beams was found to provide a new tool for three- 
dimensional optical memory and micro-structuring in 
transparent dielectrics [8-12]. In particular, plasma self- 
channeling would provide a useful tool to fabricate the 
double cladding structures and multi-core structures of 
optical fibers for optical sensor and communication [13]. 

In the meantime, the studies of the ultrashort optical 
pulse propagation in transparent media in the nonlinear 
regime have stimulated great interest in both theoretical 
understanding and technological applications of the optical 
materials in three-dimensional imaging [14], optical 
information coding [15], pulse compression [16, 17], and 
breakdown studies [18], since the first experimental 
observation of the refractive index modulation effects in the 
bulk glass in the 1986 [19] and the optical fibers in 1987 
[20]. For example, when the laser intensity is sufficiently 
low, induced phase modulation refers to the frequency shifts 
experienced by a weak probe pulse propagating through a 
medium whose refractive index is modulated by an intense 
pump pulse. At higher intensities, information on the 
ionization mechanisms and thus plasma formation or 
breakdown in the solids induced by the nonlinear 
interactions is obtainable through reflectivity and 
transmissivity measurements [21, 22]. Although the 
observations of the plasma formations and optical damages 
on the surface of solid target have been reported by many 
researchers in the past several years with laser pulses [23- 
25], the time-resolved dynamics of plasma formations and 
bulk structural changes induced by the interaction between 
propagating high-intensity pulses and transparent materials 
have remained unexplored until now. 

In our previous works [13,26], plasma self-channeling 
and refractive index bulk modification  in optical  fibers 
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induced by the interaction between high-intensity 
femtosecond laser beam and transparent materials was 
demonstrated. However, the time-resolved variations of 
plasma self-channeling and refractive index bulk 
modification was not discussed in detail. For satisfactory 
fabrication of line-shaped refractive index bulk modification 
structures in transparent materials using plasma self- 
channeling induced by a high-intensity femtosecond laser, 
the time-resolved dynamics of nonlinear phenomena, i.e., 
plasma formation, the generation of color center, and 
permanent refractive index modification must be 
determined. 

In this paper, we propose a new pump-probe 
measurement in order to observe the time-resolved 
dynamics of the plasma self-channeling and induced bulk 
modification. The lifetimes of the plasma self-channeling 
and refractive index bulk modification are reported here. In 
this experiment, bulk silica glasses are used, which enabled 
one to in situ study easily the dynamics of plasma 
formation and bulk refractive index modification at different 
time delays, instead of optical fibers used in previous 
experiments. The results obtained in this experiment will be 
helpful to understand the physical mechanism of the plasma 
formation and structural transformation induced by the high- 
intensity femtosecond lasers in transparent materials. 

2.    Experimental Setup 
The schematic diagram of experimental setup for the 

time-resolved dynamic of plasma self-channeling and 
refractive index modification is shown in Fig. 1. The laser 
used in experiment is a Ti:sapphire oscillator-amplifier laser 
system (Xp=790 nm) based on the chirped pulse 
amplification technique with a 110 fs pulse duration, 1 W 
average output power, and 1 kHz repetition rate, as a 
irradiation laser source. The laser beam is divided into the 
pump and probe one through the beam splitter. 

The linearly polarized pump laser beam with a 
Gaussian profile is focused through a quartz lens with a 
focal length of 60 mm. It is incident onto the input surface 
of the optical silica glass (15x15x15 mm) located away from 
the breakdown point to avoid optical damage at the input 
end surface. The pump beam is adjusted to induce the 
plasma self-channeling in bulk silica glass composed of pure 
silica. The diameter of laser beam on the input surface of 
silica glass is 100 |im to be coupled with bulk silica glass. 
The silica glasses (Purity > 99.99%) are provided by the 
Tokyo Taisei Glass Co. The transmitted power is recorded 
by the optical powermeter connected to the computer. The 
average energy of the pump beam is ~10 uJ enough to 
induce plasma self-channeling in bulk silica glass. The 
induced plasma channeling and plasma-induced bulk 
modification are observed by the microscope with CCD 
camera located transversely to the silica glass. 

The linearly polarized probe beam with time delay 
(AT) is focused through a quartz lens with the focal length 
of 100~200 mm located transversely to the silica glass. The 
power of the transmitted probe beam through the plasma 
self-channeling is recorded by the photodiode connected to 
the computer with digital memory. Average energy of probe 
beam is approximately 0.5~luJ to avoid the generation of 
plasma formation in the silica glass by focusing the probe 

110 ft    ~~~        \^ 

~ 10 pj/pulse 

lOfs 
with time delay (AT) 

I pj/pulse 

L(r=lO0~2OOmm) 

Silica glass 
(15x15x15 mm) 

Fig. 1 Experimental setup 
one. The diameter of the probe beam at the focused spot is 
adjusted to 15"~20 urn, which enables to couple with the 
induced plasma self-channeling transversely. The time 
resolution of probe beam is 0.5 ps. The probe beam is 
adjusted to penetrate transversely through the induced 
plasma self-channeling, as shown in Fig. 2(b). The energy 
stability of the probe beam is less than  ± 0.75%. 

3.    Experimental Results and Discussion 
Intense ultrashort laser excitation of optically 

transparent materials causes a change in the refractive index 
of materials which is dependent on the intensities, which is 
written as n = n0+n2E

2, and can thus induce self-focusing 
and plasma formation. Where n0 is a linear refractive index 
of material and n2 is a Kerr coefficient. The self-focusing 
occurs when the focusing effect exceeds the diffraction of 
the propagating beam. It is evident that self-focusing in 
silica glasses occurs at input intensity of lxlO12 W/cm2 

where  n2 is 3.18xlO"16 cm2/W in silica one. 
In the experiment, the first plasma spot was observed 

at 60 \xm distant from the input surface of the optical silica 
glass by self-focusing effect at an input intensity of 8x10" 

Fig.2. Microscopic side view of plasma self-channeling in the bulk 
silica glass 

W/cm2 on the input surface of optical glass. The first self- 
focusing point could be controlled by changing the input 
angle of the focusing beam to the input surface of optical 
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glass using the different focal lenses. When input intensity 
exceeds 1.5xl012 W/cm2, an uniform plasma channeling 
with a diameter of 12~15 |am was observed and reached the 
length of 9-10 mm from the first self-focusing point in a 
bulk silica glass (Fig.2). 

Some visible refractive index modifications were 
observed in the center of optical glass after plasma 
channeling occurred and it proceeded to the deeper distance 
than the first self-focusing point as the number of laser 
pulses was increased (Fig.3). It was observed that the 
process of bulk modification was saturated within lxlO4 

laser shots approximately. The refractive index modification 
was formed onto the distance of 9-10 mm with a diameter of 
approximately 5 |im after laser shot number of lxl 04. 

Fig.3. Microscopic side views of refractive index modification 
and optical damage in a bulk silica glasses, (a) Refractive index 
modification by the self-channeling at input intensity of 1.5xl012 

W/cm2. (b) Optical damage excited by input intensity of 5.0xl012 

W/cm2. 

When input intensity exceeded 3.5xl012 W/cm2, the plasma 
induced modification which have cracks, so called the 
optical damages. Optical damages have the non-uniform 
diameter of 10~15 um and have some cracks in modified 
regions, referred to uniform refractive index modification 
with a diameter of 5 urn and no cracks. It means that the 
process of refractive index bulk modification in pre- 
breakdown domain is different from that of optical damage 
in breakdown one. 

The relationship between time delay of probe beam 
and energy variation of transmitted probe one during the 
plasma self-channeling at pre-breakdown regime was shown. 
The input intensity of pump beam was 1.5xl012 W/cm2 on 
the input surface of the optical glass. The probe beam was 
focused on the place at where plasma self-channeling 
occurred. The diameter of focused probe beam in bulk silica 
glass was 20 u.m. The energy of transmitted probe beam was 
decreased to 95 %, when the time delay of the probe beam 
was ranging from 0 to 20 ps, approximately. It is suggested 
that the energy loss of 5% be due to both the reflection or 
scattering from the low density plasma self-channeling and 

absorption in plasma formation. And it means that plasma 
self-channeling occurs for 20 ps in the optical glass. 
However, when the time delay of the probe beam exceeded 
20 ps, the energy of transmitted probe beam was slowly 
increased to 97% within 10 ps, approximately. It suggests 
that the lifetime of plasma self-channeling is 20 ps and some 
structural change, as like refractive index modification 
occurs within 10 ps. And then, the energy of probe beam 
became to 97 % and then kept to the stable state after time 
delay passed over 30 ps. It infers that some refractive index 
structural transformation is completely done within 30 ps. 
Refractive index bulk modifications were observed in the 
optical glass after plasma channeling occurred and it 
proceeded to the deeper distance. In all cases, any cracks 
were not observed in the refractive index modification 
regions. We found that the energy of the transmitted probe 
beam decreased to 95 % through the plasma self-channeling 
and to 97% through the formed refractive index bulk 
modification in our experiment. The maximum value of 
refractive index increase (An) was measured to be 2.1 xl 0"2. 

The relationship between energy variation of 
transmitted probe beam and propagated distance at different 
time delays is shown. The focusing point of probe beam 
with different time delays was moved to the following axis 
at where plasma self-channeling occurred. In the time delay 
of 10 ps, the energy of the probe beam was decreased to 
95% in the range from 0 to 4 mm. In the time delay of 20 ps, 
the energy variation of the probe beam was moved onto the 
deeper distance, ranging from 0 to 7 mm in the bulk glass. 
When time delay was 30 ps, the distance at where the 
energy decrease in the probe beam existed from the input 
surface of silica glass extended to the deeper. When time 
delay was 40 ps, the energy decrease in the probe beam 
reached 10 mm at where plasma self-channeling disappeared. 
It means that the plasma self-channeling was moving onto 
the deeper optical glass, as the time was passing. And the 
lifetime of plasma self-channeling was about 20 ps. After 
the plasma self-channeling disappeared, the increase of 
transmitted probe beam which reached 98 % of the total 
energy was observed. It was found that the energy loss of 
the transmitted probe beam through the plasma self- 
channeling was higher than that through refractive index 
bulk modification. 

As the same measurement method, the time-resolved 
dynamics of plasma self-channeling and optical damage at 
the breakdown regimes is shown. At the pump irradiation of 
5.0xl012 W/cm2 on the input surface of bulk silica glass, the 
relationship between the time delays of propagated probe 
beam and energy variations of transmitted probe beam is 
described. In this breakdown domain, the energy of the 
transmitted probe beam was decreased to 30% during 
plasma self-channeling and it took 30 ps, the lifetime of 
plasma self-channeling.  The transition  time of structural 
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transformation was 40 ps. After the delay time of 70 ps 
passed, the energy of transmitted probe beam reached 60 % 
and kept to the stable state. In this case, the optical damage 
with some cracks was observed in the modified region. The 
optical damage was the same as that observed. The 
lifetimes of plasma self-channeling and the transition of 
structural change in the pre-breakdown regime, was 
significantly shorter than the plasma formation and optical 
damage in the breakdown regime. Based on the 
experimental results of pump-probe measurements, it is 
found that the process of refractive index bulk modification 
is significantly different from those of optical damage. The 
comparison of the time-resolved dynamics of plasma self- 
channeling and structural change at both the refractive index 
modifications in pre-breakdown and optical damages in 
breakdown domain was represented. The density of plasma 
electron can be calculated by the cutoff frequency (jlc) [21, 
22] By considering the transmission properties, the density 
of plasma self-channeling at pre-breakdown regime would 
be lower than 1.27xl027 [1/m3] and the density of plasma 
self-channeling in the breakdown regime would be higher 
than 1.27xl027 [1/m3]. 

In this experiment, we demonstrated the time-resolved 
dynamics of the plasma self-channeling and structural 
transformation in both the pre-breakdown regime and 
breakdown regime in optical transparent glass composed of 
pure silica. It helps to study easily the nonlinear interaction 
between high-intensity femtosecond laser beam and bulk 
glass. In general, the optical silica glass has a high 
transmission from the UV to IR and a large band-gap of 9.0 
eV. At low electric fields of the laser in the optical glasses 
composed of pure silica, bound electrons do not absorb laser 
light because the bound valence electron has an ionization 
potential or band-gap greater than the infrared laser photon 
energy (1.54 eV). In the meantime, at high fields, 
multiphoton absorption plays an important role to induce 
ionization by which a bound electron in an atom absorbs 
multiphoton simultaneously to produce a free electron. Free 
electron induced by multiphoton ionization generates 
repeatedly additional free electrons by the collision with the 
bound electron and the lattice, leading to a plasma formation 
in which the free electron density grows exponentially and 
the increase of plasma temperature. After the laser pulse 
passed, the generated free electrons were shortly 
recombined with surrounding ions caused by the plasma 
rapid quenching. 

4.    Conclusion 
The experimental time-resolved dynamics of plasma 

self-channeling and refractive index bulk modification in the 
silica glasses was demonstrated. 
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Many researchers have investigated the interaction of femtosecond laser pulses with a wide variety of 
materials. The structural modifications both on the surface and inside the bulk of transparent materials 
have been demonstrated. When femtosecond laser pulses are focused into glasses with a high numerical- 
aperture objective, voids are formed. We demonstrate that one can seize and move voids formed by 
femtosecond laser pulses inside silica glass and also merge two voids into one. We also present clear 
evidence that a void is a cavity by showing a scanning-electron-microscope image of cleft voids: we 
clove through the glass along a plane that includes the laser-ablated thin line on the surface and the voids 
formed inside. The optical seizing and merging of voids are important basic techniques for fabricate 
micro-optical dynamic devices, such as the rewritable 3-D optical storage. 

Keywords: femtosecond laser pulses, glass, voids, manipulation 

1.    Introduction 

Many researchers have investigated the 
interaction of intense femtosecond laser pulses with a wide 
variety of materials. The structural modifications both on the 
surface and inside the bulk of transparent materials have 
been demonstrated [1-15]. The interaction offers the 
possibility of materials processing and micromachining. 
The use of infrared (IR) femtosecond laser pulses enables us 
to fabricate three-dimensional photonic structures such as 
waveguides [5-8], gratings [8,9], the coupler [7], and the 
photonic crystal [10] inside a wide variety of glasses. Using 
the same technique, permanent optical damage has been 
created for the 3-D optical data storage in a wide variety of 
transparent materials including glasses, crystals, and plastics 
[11-15]. However, the physical mechanisms of the damage 

responsible for IR photosensitivity have not been elucidated. 
It was reported that the submicometer-damage was a cavity 
or void surrounded by densified material [10-12]. Glezer et 
al. polished away samples until the surface level reached the 
internally structures of the damage and viewed under 
scanning electron microscope (SEM) and atomic force 
microscope [12]. 

In this paper, we demonstrate the experiments of 
optical move of a void and merger of two voids along the 
optical axis by translating the focal spot of femtosecond 
laser pulses [16]. From experimental results we may infer 
that the voids under the illumination of femtosecond laser 
pulses are in the melt phase. We also present a clear 
evidence of voids. We show scanning-electron-micrographs 
of cleft voids: we clove through the glass along a plane that 
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includes the laser-ablated thin line on the surface and the 
voids formed inside. 

2.    Experiment 

,*«*»i&i 
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Halogen 
lamp 

Amplified 
Ti:sapphire 
laser 

x ND 

Silica glass 

OB2 

CCD 
camera 

Figure 1 Schematic of experimental setup for creation and 
in situ observation of voids in silica glass by femtosecond 
laser pulses; OBI and OB2 denote objectives. ND and SH 
denote a neutral density filter and a shutter, respectively. 

Figure 1 shows a schematic for experimental 
setup. Femtosecond laser pulses are focused inside a silica 
glass to create local structural changes or optical damage. 
The silica glass sample has a thickness of 3 mm . It was 
optically polished on both sides for in situ observation from 
the sides. In the experiment, we used 130-fs, 800-nm, 1- 
kHz pulses from an amplified Ti:sapphire laser and focus 
the pulses by a microscope objective. The group-velocity 
dispersion in the optical system was minimized by adjusting 
the compression grating in the amplifier of the laser system. 
To create a void, high-numerical aperture (N.A.) objectives 
were used. The image of the optical damages or voids are 
observed from the direction perpendicular to the optical axis 
(y-axis) under optical microscopy. Figure 2 (a) and (b) show 
the creation of voids for various exposure time and incident 
energy, respectively. The area of structural changes 
enlongates with the increase of exposure time and incident 
energy. 
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Figure 2 Creation of voids by varying exposure time and 
incident energy; (a) Incident energy is varied form 0.58 uJ 
to 1.36 |iJ under fixed exposure time (1/125 s), (b) Exposure 
time is varied form 1/125 s to 4 s under fixed incident 
energy (0.73 uJ). 

The void can be seized and translated. The focusing 
objective with N. A. of 0.55 was used and eight successive 
pulses are normally launched during the exposure time 1 / 
125 s in the following experiment. The laser power incident 
on the focusing objective was reduced to 0.95 uJ/pulse. 
Figure 3 shows the behavior of a seized and moved void. 
Left side in the figure coincides with the input of laser 
pulses. First, for comparison, we created three voids in a 
plane perpendicular to the optical axis at the depth of 300 
u,m beneath the surface with the separation of 5 [im. Next, 
we set the focal point of the objective lens to the middle of 
voids and translated the sample towards the output plane 
with a step of 0.5 (im. Figures demonstrate that the void is 
seized and moved as long as 5 um towards the incident 
plane. The visible trajectory after translation implies 
structural change. This might have connection with 
refractive index change utilized for the fabrication of 
waveguides [4-8]. We could not move the void towards the 
down-stream direction, either normal to the optical axis. 
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(a) (b) (c) 
Figure 3 Sideview of optical seizing and translation of a 
void. The middle void is translated towards input plane by 5 
u.m. 

To investigate the structural change or geometry of 
the voids, we took scanning-electron-micrographs of cleft 
voids. After fabricating a line of void in a glass, we 
delaminated on the surface a straight thin line by laser 
ablation along a plane including the line of voids. Figure 4 
shows a photograph of SEM image. The image clearly 
reveals that the optical dark spot was a cavity or a void with 
a diameter of 0.9 urn. We also see that the region within 
several micrometers around the void is considered to be 
changed in phase or distorted by stress. 

5 \im 

(a) (b) 
Figure 4 Photographed image of a cleft glass with SEM; (a) 
cross-section including a void and (b) cross-section around 
void. 

To experimentally investigate the thermal effect 
and thermal stability , the temperature of the sample was 
raised and kept at 1150 °C for one hour. After the treatment, 
the structural change was not seen under transmission 
microscopy; The void cannot be annealed out at 1150 °C, at 
which is an annealing point of silica glass. This agrees with 
the result previously reported [14]. Voids are stable with 
respect to the temperature, which implies the structural 
change around the void. However, the residual structural 
change in the trajectory was annealed out. The creation of 
the void is attributed to plasma formation or thermal 
dentification of melted region. 

3.    Conclusion 

We demonstrated that we can seize and move 
voids formed by femtosecond laser pulses inside silica glass 
and also merge two voids into one. A clear evidence of 
voids was presented by showing scanning-electron- 
micrographs image of cleft voids. The voids were 
controllable with femtosecond laser pulses. This technique 
may be useful for rewritable 3-D optical storage or 
dynamical fabrication of optical microstructures inside 
glasses. 
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Micromachining with high repetition rate femtosecond laser sources 
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Ultrashort duration laser sources are considered as a promising tool for new micromachining 
applications : precise microdrilling and microcutting on various materials. As an illustration of the « non 
thermal » micromachining, we also paid attention to precious wood. Cutting is achieved without burning, 
and the cut surface remains undamaged. However, until now, only low-average-power sources are 
available. An average power level of 10 W appears to be the lowest limit for this type of laser to really 
become industrial. 
We are presently developping such a source based on the use of a 15kHz, 100W copper HyBrlD laser as a 
pump laser. Thus, we intend to reach in a near future a typical drilling rate of one mm per second, for 
instance, in stainless steel compared with a 50 microns per second drilling rate obtained with presently 
available KHz and low-average-power sources. Micromachining obtained with our a 1 KHz source will 
be presented and discussed. 

Keywords : Femtosecond, micromachining, non thermal interaction, microdrilling, microcutting 

1. Introduction 

Femtosecond laser sources have been recently utilized for 
precise micromachining due to their numerous advantages. 
Particularly, the femtosecond laser ablation is commonly 
named non thermal ablation which means that the material 
exhibits a minimal thermal affected zone (TAZ). Indeed in 
femtosecond mode, the energy is deposited and transfered 
to the electrons of the material in time-scale very short 
compared with the transfer time to the material which 
allows to avoid thermal effects. 
We have essentially studied stainless steel and copper, 
particularly looking at the effect of the ablated matter depth 
as a function of the number of shots. We have also 
performed experiments on precious woods and evidenced 
the non thermal femtosecond ablation mode. 

2. Experimental setup 

Experiments have been performed using a 150 fs, 0.5 W 
average power, 1 KHz Ti:sapphire laser system at 800 nm. 
The beam is spatially filtered by a 5 mm hole and the 
micromachining is essentially performed at the image point. 
The material can be moved on the x, y and z axis with a 1 
micron resolution. The x-axis is essentially used for 
controlling and optimizing the micromachining image point 
using a 50 mm lens. The y and z axis can be moved at a 
speed up to 20 mm/s. 

3. Results and discussion 

We have performed studies on different materials with a 
special interest on copper samples. Figure 1 shows different 
machined lines on copper realized at different scan speeds. 

Fig. 1 : Micromachined lines in copper sample. Each line 
has a width of 100 um. From the top to the bottom the 
speed of the sample holder along the z-axis was 1 mm/s. 

From these results we have extracted the ablated matter 
depth as a function of the average number of laser shots 
(see figure 2). 
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spot size: 100 pm 

fluence : 3.2 J/cm2 
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Fig. 2 : Ablated matter depth versus number of shots in 
copper. The polarization was linear. 

The measurement of the depth was performed using a 
profilometer with a resolution of 1-2 urn. It has to be 
noticed that the evolution of the depth as a function of the 
number of shots is linear but only up to a few hundreds of 
urn. The ablated rate per pulse was found to be 48 nm/pulse 
in our experimental conditions. The machining was 
performed at the image point of the hole to obtain a 100 urn 
diameter hole with a better quality than a 30 um hole 
realized at the focus point. At this latter point, the evolution 
described above is linear only under 100 urn of depth. 
Although the energy at the focus point is higher (21 J/cm2) 
than at the image point (3.2 J/cm2), we need a lower 
number of shots to drill the same depth (300 nm/pulse). 
Unfortunately, an accumulation phenomenon limits the 
ablation efficiency beyond 100 urn depth at the focus point. 
We have also studied the polarization effects on etching 
(see figure 3). 
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Fig. 3 : Ablated matter depth as a function of the 
number of shots. 

The points represent the depth of different lines obtained in 
stainless steel. It has to be noticed that the ablated depth is 
higher using a beam linearly polarized than a circularly one. 
The material holder is moving along the z-axis and the 
linear polarization is perpendicular to this axis, thus it 
appears that the monitoring of the polarization should really 
increase the ablation efficiency. 
We have also compared in the same conditions the ablated 
matter depth in copper and in stainless steel as is shown in 
figure 4. 
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Fig.4 : Comparison between the ablated matter depth 
versus the number of shots in stainless and copper. 

Femtosecond ablation in metals under the plasma threshold 
can be described using the two temperature model. In this 
model, we consider that the free electrons are in thermal 
equilibrium at a temperature Te greater than the temperature 
of the lattice T,. The evolution of Te and T are then 
described by two coupled heat diffusion equations. The key 
parameter is the electron/phonon coupling constant , 
namely g, which determines the electron-phonon energy 
transfer time T„ and then the limit between thermal and 
non-thermal processes. This coupling value has been 
widely studied, especially in noble metals such as gold and 
copper. Typically, for copper, g=1016 W/m3/K [1], and the 
electron-phonon relaxation time is found to be 4 ps. In 
transition metals, this constant is an order of magnitude 
higher. The difference in efficiency displayed in figure 4, 
for copper and stainless steel can be then explained as 
follows: g is higher in stainless steel than in copper and thus 
Tr is lower than 4 ps. Consequently, the electrons have less 
time to diffuse into the stainless steel than in copper. Thus 
the amount of the ablated matter is more important in 
copper. 
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If the time width of the laser pulse is greater than xr, part of 
the energy is lost into the lattice. Hence, the material 
displays a thermal affected zone and the efficiency of the 
ablation is reduced. Whereas in the femtosecond regime the 
energy is temporally concentrated (lower than ir), then the 
thermally diffused energy is very reduced and the TAZ is 
minimum. 

Figures 5 a) and b) show the difference between the ns and 
fs ablation. It has to be noticed that the fluence was 1 J/cm2 

in both cases and at the same wavelength. These conditions 
are obviously not the best for drilling with ns pulses, but it 
allows to evidence the difference between the two regimes 
according to the above model. However a more precise 
theoretical study of both modes is under development to 
critically and quantitatively compare ns and fs ablation 
regimes. Particularly heat affected structural zones around 
micro-holes can be analyzed by transmission electron 
microscope (TEM) [2]. This technique will allow us to 
analyze precisely microstructures and to measure thermal 
diffusion lengths. 

a) nanosecond 

Fig 5 : 50 urn holes in copper. 

b) femtosecond 

As the efficiency is optimum in the femtosecond regime, 
the fluence best conditions for micromachining are 
achieved near the ablation threshold. Thus to increase the 
micromachining speed, we think that high repetition rate 
laser sources with moderate energy is a good choice. We 
are presently developing a 60 fs, 10 W average power, 15 
kHz Ti:Sapphire laser system at 800 nm pumped by a 
copper HyBrlD laser delivering 100 W at 15kHz with a 
good beam quality (M2=4) [3]. 
Besides a commercially 150fs, 5 uJ, M2<2, 100 KHz 
repetition rate laser system will be used for low depth 
machining. It should be a good tool for machining soft 
materials like silicon and for shallow etching, since it 
allows to ablate a small quantity of matter per pulse at very 
high repetition rate (micro-milling). Therefore nice 
comparisons are expected from the use of very different 
experimental conditions. 

As a conclusion, we mention the case of wood 
micromachining for which femtosecond laser sources 
should play an important role. Obviously, ablation of 
organic  materials  cannot  be  described  with the  same 

physical model as metals. Intensity-dependent phenomena 
- namely multi-photon absorption- are the main mechanism 
to take into account. However, very limited thermal effects 
are still observed. Preliminary investigations have been 
performed by Naderi et al [4]. We have also observed that 
the wood surface is not damaged using femtosecond pulses. 
For instance, the sycamore wood which is very difficult to 
cut without burning with conventional lasers can be 
machined with femtosecond lasers without creating a layer 
of charcoal. Wood cutting with ns and fs pulses is 
compared in figures 6 a) and 6 b). 

500 urn 

iL.„, 

a)nanosecond 

Fig 6 : Sycamore wood cutting 

b) Femtosecond 

As it is shown in Figure 7, the wood structure is not altered 
by femtosecond cutting. 

Fig. 7 : SEM image of sycamore femtosecond cutting 
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We report the observation of high light-induced change in refractive index (recognizable by observation in conventional 
microscope) in PMMA film doped with an optically non-linear dye 2-nitroaniline (N02(C6H4)NH2 abbreviated as 2NA). The 
optically altered micrometer-sized regions were fabricated by single-shot irradiation of 120 fs laser pulses into doped PMMA 
film using high numerical aperture 1.3 and high magnification xlOO objective lens. The doping of films can be achieved in a 
wide range of 2NA concentrations (up to 40 wt%) without precipitation. This allows to control a storage time of an optically 
altered region up to one month by the adjusting the energy of the femtosecond (fs) recording pulse at 800 ran. Typical 
recording energy was 10-80 nJ/pulse at the point of irradiation. Total recovery of transmission of the PMMA|2N A film was 
confirmed by optical transmission measurements in microscope. The light induced damage threshold (LIDT) (for permanent 
damage) was increased more than by 4 times (up to 40 nJ/pulse) when 2NA doping were ca.13 wt%. While the LIDT for 
transient damage was decreased by 1.5-2 times. Total optical recovery was observed single exponential with decay time of ca. 
0.5-1 min for moderate irradiation intensities (O.lxLlDT of permanent damage). The damage induced with at the higher 
intensities lasts up to month, but the recovery was not total (residual transmission changes were observable). 

The phenomenon can be applied for the optical memory, photonic crystal, and micro-mechanical applications. The 
underlying mechanism of the phenomenon is discussed in terms of anelastic a- and ^-relaxation (polymer backbone and side 
chain relaxation, respectively). 

1. Introduction 

Polymethylmethacrylate (PMMA) is gaining an interest in 
the field of optical applications due to its high optical 
transmission in visible, easy dye-doping, preparation and 
processing including the laser ablation and controllable 
photo-modification. A three-dimensional (3-D) optical 
memory1 and an optical waveguide2 have been demonstrated 
recently. On the part of optical 3-D memory various 
approaches have been proposed: a bacteriorhodopsin 
protein-based two-photon absorption (TPA) induced 
write/read memory,3 femtosecond (fs) pulse induced micro- 
explosion recording,4 photorefractive,5 photochromic and 
photopolymer7 materials have been used as recording media. 

Here we demonstrate a novel mechanism of 3-D 
recording, which is transient with controllable duration of 
recording (10"3-107 s) made by a single pulse fs-irradiation 

of PMMA film doped with 2-nitroaniline, N02(C6H4)NH2. 
The dye was responsible for TPA of 795 ran illumination 
and lowered the light induced damage threshold (LIDT) of 
PMMA. The recovery of optical transmission was explained 
in terms of viscoelastic a- and /3-relaxations of PMMA. 

2. Experimental 

2-nitroaniline (2NA) was introduced into chloroform 
solution of PMMA (15 wt.%) then casted over a microscope 
cover glass to form a film, which was used as recording 
media. The 2NA doping up to 40 wt.% was precipitation 
free. Samples were dried in a desiccator at a vacuum of ~10 
mm Hg for 24 h. Eventual thickness of the film was ca. 150- 
300 u.m. It was crack free and stable on the yearly scale even 
after the optical recording. 3-D recording was made by laser 
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irradiation through an oil-immersion objective (xlOO 
magnification and numerical aperture, NA = 1.3) through the 
cover glass in order to avoid any oil contact with PMMA 
film. An irradiation spot (lateral size) can be evaluated as 
diffraction-limited spot size (diameter of Airy disk) d - 
122X/NA - 746 nm and the corresponding axial size was z - 
InX/NA2 - 701 nm, where X - 795 nm is the wavelength of 
fabrication laser pulse, n is the refractive index at focal point 
(«PMMA ~ 1 -49 at 600-800 nm). The sample was translated in 
the focal plane during irradiation. Every single bit seen as an 
optically-altered transmission region was recorded in a 
single shot of 120 fs duration. 

3. Results 

Permanent optical damage (bit) can be recorded in PMMA 
film as we reported earlier,' when the pulse energy density 
is higher than LIDT of material. For undoped PMMA, we 
found it ca. 2.3 J/cm2 (10 nJ) for 795 nm, 120 fs pulses. This 
determination was made from an optical transmission, when 
the bit is recognizable by observation in 100-times 
magnification, NA = 1.35 objective. The recovery of the 
transmission of irradiated spot was observed (Fig. 1), when 
the pulse energy was smaller that IxLIDT and PMMA film 
was doped with 2NA. The sequence of snap shots in Fig. 1 
allow to trace the recovery of transmission of selected bits 
A, B and C on a time scale on tens-of-seconds as depicted in 
Fig. 2. The transmission at the center of the bits showed 
single-exponential recovery with time constant 7> = 10-30 s 
(Fig. 2(a)). More complicated recovery can be observed 
when the average transmission on a square of lxl um2 was 
plotted over time (Fig. 2(b)). It can be seen from Fig. 1 that 
the bit was enlarging while its transmission was decaying. 
The increase in average transmission up to 10-15 % was 
observed at irradiated spot immediately after fabrication in 
PMMA|2NA-32 wt.% film, when the pulse energy was 12 

«2 200 

Fig. 1. Time series (a-c) of optical transmission recovery after 
irradiation of 15 nJ (3.4 J/cm2) pulses (120fs at 795nm). The 
film was PMMA|2NA-32wt.% (307um-thick). Scale bar 7um. 
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Fig. 2. Time decay of maximum (background subtracted (a)) 
and average (b) bit transmission, (a) the bits A, B, and C 
corresponds to those in Fig. 1. (b) averaging was made on 40- 
by-40 pixels. BKG marks the background transmission. 

nJ (in terms of energy density 2.7 J/cm2, the upper limit of 
intensity can be evaluated using 120 fs pulse duration, 
2.3xl013 W/cm2, since the effect of pulse spreading mainly 
in the objective lens is unknown). 

The optical absorption spectrum was found without 
apparent modifications after the recovery (Fig. 3). The 
strong absorption band at ca. 400 nm is due to 2NA 
absorption. The recovery became faster with increasing 
concentration of 2NA in the PMMA film (Fig. 4). The 
threshold pulse energy was found slightly decreasing with 
the increasing density of 2NA. The recovery time at the 
LIDT was ca. 1 s, what allowed to repeat writing/re-writing 
cycles at 1 Hz pulse repetition rate and no films alteration 
was observed after all 3 h procedure. This implied that the 
explanation of the results lies in the light-induced charge 
and dielectric relaxation. 
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Fig. 3. Absorbtion spectra of fresh PMMA|2NA-30wt.% film 
(dashed line) and during the recovery (x> = 1-3 h) of optical 
damage (shifted upwards by 0.25). Thickness of film was 
157um. 
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Fig. 4. Summary of the recovery time vs. 2NA concentration 
and the recording pulse energy. Simulated Y = Const+aX 
dependencies depict observed recovery time. Grey markers 
and dashed line depicts partial recovery of transmission; solid 
markers - permanent optical damage. 

4. Discussion 

Optical alteration of materials is usually considered in terms 
of refractive index changes, directly related to the local 
mass-density modifications or in terms of an absorption of 
optically induced defects, which are, in turn, causing the 
changes of refractive index via Kramers-Kronig relation.8 

Astonishing high refractive index changes (> 5xl0"2) were 
reported made by microexplosion in silica and sapphire. 
Indeed, if one is measuring the diffraction efficiency of a 
grating written by microexplosions and if the absorption is 
considered negligible the effect of diffraction on thin 
sinusoidal grating gives overestimated values of refractive 
index changes. The transmission contrast such as in Fig. 2(a) 
gives the value of ca. 0.02 for the grating written in silica 
(similar value would be found in PMMA). We should 
properly address the refraction, absorption and scattering to 
get insight into transmission image formation in order to 
understand the images such as in Fig. 1 (identical images 
can be observed in silica, sapphire, Ti02-rutile). 

Obviously, when the optically altered volume is of the 
size comparable with the wavelength of the image forming 
light (550 nm mid-wavelength of condensor illumination in 
a microscope) the light scattering is one of the most 
important factors. To look at a near-field distribution of the 
light passing through a small sphere of decreased and 
increased refractive index as compared with the index of 
sphere's ambience, we carried out numerical simulations 
according the code developed by Barber and Hill.1 The 
program allows to calculate the light intensity inside and 
outside sphere, when incident plane wave has intensity 1. 
The central part of the bit was considered of decreased 
refractive index and the diameter is given by fabrication spot 
radius of 373 nm. This can be described as a light scattering 
sphere, which relative refractive index is defined by m = 
w/wo < 1, where « is the refractive index of the void-like 
sphere and w0 is that of sphere's surrounding. Another 
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Fig. 5. Near-field intensity distribution of scattering made by 
spheres of given refractive index and size. Equivalent 
presentations of densified shell of a bit (a) and void-like center 
(b). (c,d) internal light fields inside spheres. The intensity of 
incident plane wave is 1 (polarization and direction of 
incidence are given by arrow in (c,d)). 

sphere considered for calculations was of increased index, m 
> 1, and the diameter was twice larger than that of the void- 
like sphere's. This simulates the real structure of the bit, 
which is void-like inside and surrounded by densified shell. 
In the following part we will show how the employed values 
of m are justified (m - 0.998 for the void-like sphere and m 
- 1.002 for the higher density shell). The results of 
simulations in Fig. 5 shows, that the center of the sphere 
with m > 1 appears bright centered in transmission (Fig. 
5(a)), while the void-like sphere should give an opposite 
contrast. Also, the larger sphere of m > 1 caused larger 
intensity contrast as compared with that of sphere with m < 
1. This qualitatively explains the observed transmission of 
3-D memory written in PMMA, although the real bit 
structure was treated simplified as two separate spheres. 

To answer the question, what is the refractive index of 
densified and dilated regions of bit, let us compare our 
observed recovery time of transmission of 1-100 s with 
creep compliance data in the experiments of dielectric 
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Fig. 6. Strain relaxation in PMMA (reconstructed from ref. 
11). 106 is ca. 10 days, 107 - 100 days. 

relaxation. In Fig. 6 the master creep curve is plotted (based 
on ref. 11). As it can be seen the recovery of 1-100 s 
(plateau region in Fig. 6) corresponds to the 0.7-0.8% strain. 
Such a strain is already larger than typical limit of elasticity 
of ca. 0.2% even in ductile polymers. The strain, as a 
measure of AV/V, there V is the volume, is directly related to 
the refractive index. Yoldas,12 derived the relation between 
porosity and refractive index, which we can adopt for the 
densified/dilated material: 

AK 
= Strain = 1 ■ 

-1 
(1) 

The relation does not depend on the elastic response of 
material and can be applied to microexplosion altered 
material. By taking Strain - 0.8% (plateau in Fig. 6) we find 
corresponding refraction index changes of 3.3x10"3. When 
unperturbed index of film was taken as that of PMMA, 
namely 1.490. The relative refraction index values of m = 
1.002 and 0.998, for the densified and dilated regions can be 
found. These are the values employed in the modelization of 
light scattering (Fig. 5). If the absorption needs to be taken 
into account, the numerical simulations are done with 
complex refractive index m (the calculations in Fig. 5 were 
obtained without consideration of absorption). Typical result 
of absorption on the transmission intensity is the lowered 
contrast. The direct evaluation of transmission without 
consideration of scattering is straight forward / = /0( 1 -Ä)e~"'/, 
where R is reflectance, which for the right angle incidence 

is given by: RJ- ]f+k2 
where k = aAJ4n (2) 

{n + \f+k2 

Here, the absorption coefficient can be considered 
proportional to the strain, since more material is encountered 
in the light pass in denser region and vice versa for dilated 
one. When pure relaxation mechanism of transmission 
recovery is considered, the absorption coefficient is a - 0 
cm'1. Even then a realistic transmission image can be 
reconstructed by taking into account light scattering (Fig. 5). 

Glass-rubber transition is mainly due to ^-relaxation 
(also known as Johari-Goldstein), i.e. a side chain kinematic 
movement. At high power of irradiation the temperature can 
be higher than glass transition of PMMA at Tg = 105°C at 
irradiation   spot  (then   a-relaxation   is   involved   during 

cooling and strain release). Are the amorphous polymers 
responding as a glass or as a rubber is the matter of time and 
temperature.13 The temperature control over the processes 
considered can be expected to follow general dependence of 
glass-rubber transition, i.e. the time and temperature are 
acting equivalently on the strain relaxation in polymers. Fig. 
2(b) can be explained by glass-rubber transition as well. The 
plateau region in the transition (Fig. 6) is where 
entanglement of polymer coils is relaxing. This process does 
not change the average refractive index as strongly as it does 
at the faster ß-relaxation. 

5. Conclusions 

We have demonstrated for the first time the 3-D transient 
optical memory in PMMA|2NA dye doped films. The 
recovery time is widely varied by the doping concentration 
and fs-laser pulse energy. The mechanism of optical 
recovery, most probably, is caused by an anelastic dielectric 
relaxation, mainly ^-relaxation. The phenomenon can find 
applications in the micro-systems as fluid pumps (driven by 
strain), optically controlled capacitance (driven by dielectric 
constant), and temperature sensors (temperature control over 
transmission). The phenomenon can be expected to be found 
in other polymers as well. 
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The laser has become an increasingly important tool, which helps to overcome the limitations 
of conventional microfabrication technologies, delivering devices capable of performing new and 
increased numbers of operations within an ever shrinking physical volume. In addition to "classical" 
applications of lasers such as via hole drilling, trimming or pulsed laser deposition of thin films, there 
have been new developments in laser-based technologies for the fabrication of advanced micro- and 
nano-devices. Of particular interest for optoelectronic and photonic applications is the potential for 
commercial processing of semiconductors and the fabrication of integrated and monolithically 
integrated photonic devices and circuits. 
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1.    INTRODUCTION 

The constantly growing demand for reduced size 
devices capable of performing new and/or increased 
number of operations has created strong research in the 
area of new materials and new materials processing 
technologies. Historically, the microelectronic industry 
was the main driving force behind this demand. Recent 
developments in fiber optics, wireless communications, 
and multimedia applications have been possible due to the 
emergence of new technologies for manufacturing 
advanced optoelectronic and photonic devices. These 
developments have often taken advantage of the unique 
features that lasers offer in device manufacturing - a 
consequence of the tremendous progress in both laser 
technology and our understanding of the fundamental 
processes involved in laser-matter interaction. 

Numerous high- and medium-power lasers have made 
a significant contribution to the development of advanced 
manufacturing technologies. Today, some of the most 
developed applications that involve lasers as a tool in the 
manufacturing process of microelectronic and 
optoelectronic devices are: 

• Precision ablation/micropatterning (via hole drilling 
for printed circuit boards, resistor/capacitor trimming, 
wire stripping, ink jet nozzle fabrication) 

• Marking, scribing (semiconductor and non- 
semiconductor wafers, solar panels) 

• Sub-um photolithography (248 nm, 193 nm, 157 run) 
• Annealing 

excimer (a-Si for flat panel displays) 
non-excimer (quantum well/dot intermixing for 
integrated photonics) 

Thin film deposition 
Pulsed laser deposition (high-Tc superconductors) 
Laser-CVD, laser-CBE (selective area growth) 

Selective doping of semiconductors (GILD) 
Surface processing (planarization, computer hard disk 
texturing) 
Microwelding (ceramics, glass) 
3D microstructures (prototyping, Laser-LIGA, 
MEMS) 
Surface cleaning (sub-urn debris removal) 
Etching (low-damage structuring) 

Many of these applications have been discussed at 
conferences on Laser Applications in Microelectronic and 
Optoelectronic Manufacturing [1-6], dedicated meetings 
on Laser Ablation [7-11] and in some books, e.g., [12,13]. 
Lasers, in addition to offering novel solutions, often 
become tools of choice because their application leads to 
cost-effective solutions. As an illustration, the cost of 
mechanically drilling 200 um diameter holes during the 
manufacture of printed circuit boards is about $2 per 1000 
holes and it increases dramatically, to almost S18 for a 100 
Urn diameter hole. This compares with 40 to 80 $ per 1000 
holes for 100 and 200 um diameter holes, respectively, 
when laser drilling is used [14]. 

This paper reviews the recent advances in the use of 
lasers for manufacturing and for the investigation of 
photonic materials and devices. Given the extent of this 
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rapidly growing activity, it is difficult to present a 
thorough review. Instead, examples of the most significant 
achievements will be discussed, with the emphasis on 
semiconducting materials. 

2.    LASERS AS TOOLS IN THE INVESTIGATION 
OF ADVANCED MATERIALS AND 

MICROSTRUCTURES 

Advances in UV laser beam technology, mostly in the 
development of excimer lasers that took place between 
1970 and 1980, and the development of high-harmonic 
high-power IR lasers (e.g., Nd:YAG at 355 and 266 nm) 
observed from the beginning of 1990s, have resulted in a 
rapid increase in the use of various lasers for 
manufacturing. Fabrication of thin films and precision 
structuring of materials are the most spectacular 
applications that have been influenced by these 
developments. The advantages of using lasers for these 
applications include: 

a) flexibility, i.e., the ease with which a laser-based 
process can be switched from one material to another 

b) clean vaporization (only the target material is heated) 
c) direct deposition of complex materials (three and 

more elements in the target) 
d) possibility of forming exotic heterostructures, such as 

ferroelectric and high-temperature superconductors 
e) patterning of materials by direct ablation 
f) possibility of low-damage 3D shaping of materials 

using a reactive (dry) etching approach 

In addition to the use of short-wavelength lasers, short- 
pulse laser processing is a rapidly growing activity due to 
its potential in precision micromachining. The significant 
progress observed in this area over the recent 5-6 years has 
been achieved due to key developments in fs-pulse laser 
technology [15]. However, fs-pulse laser technology is at 
the moment relatively expensive and it has to be shown 
where it could compete with other laser-based technologies 
for large-scale production of advanced materials and 
devices, or where the unique features of this technology 
would justify the high costs of its implementation. 

Non-contact processing of materials that can be 
carried out with any laser-based technology is an attractive 
feature from the process control viewpoint since it is 
possible to apply in-situ monitoring with a variety of tools. 

2.1 Pulsed laser deposition of thin films 
Pulsed laser deposition (PLD) is one of the most 

successful laser technologies that have contributed 
significantly to the development of new materials and 
devices. It is a leading technology in fabricating thin oxide 
films and, especially, high-temperature superconductors. 
PLD offers extremely high deposition rates, as well as the 
ability to control deposition rates at a monolayer level per 

pulse, e.g., [16]. A unique feature of PLD is that it allows 
deposition of multi-element materials from a single target 
source, leading very often to the preservation of a target 
stoichiometry in the thin films that are produced from such 
target. Thus, in addition to manufacturing capabilities, 
PLD is an important tool in the investigation of thin film 
growth mechanisms and the formation of material systems 
that are not attainable with conventional methods of film 
deposition. Numerous proceedings from symposia, 
conferences and books that were published between 1990 
and 1999 give a wide-ranging overview of the progress 
and status in this field [7-12]. 

An example of a PLD system that utilizes two lasers 
for independent ablation of different targets is shown in 
Fig. 1 [16]. The laser beams can be delivered 
simultaneously to two targets and, if needed, switched 
between different targets. Pulse energy (fluence), 
repetition rate and number of pulses delivered per site are 
computer controlled, which makes it possible to precisely 
control the amount and rate of growth of the material. In 
addition to a standard reflection high-energy electron 
diffraction (RHEED) technique applied during epitaxial 
growth of semiconducting materials [17], the process of 
deposition is monitored in-situ with a fast-nulling 
ellipsometer [18]. The system has been used mostly for the 
fabrication of multiple quantum well (MQW) 
microstructures of CdTe/CdMnTe [19]. Independent 
operation of two lasers makes it possible to engineer 
"superstructures" of CdTe/CdMnTe. An example of such 
result is shown in Fig. 2.   The structure was grown by 

Nd:YAG 
X ■ toe fin 

UHV chamber 

XeCl excimer 
X ■ 308 nm 

Si detector 

FIG. 1. Schematic diagram of a dual-laser pulsed 
laser deposition (PLD) system with a fast-nulling 
ellipsometer implemented for in-situ monitoring 
of the growth process [16]. 

ablating CdTe and Cd|.xMnxTe (x = 0.56) targets with a 
Nd:YAG laser triggered at 500 Hz and an excimer XeCl 
laser, which ablated the Cd].xMnxTe target, triggered at a 
changeable frequency from the range of 0 < co < 60 Hz. A 
series of Cd^M^Te (50 Ä) - CdTe (50 A) layers was 
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wells and a material with a linearly changing 
band-gap near the surface [20]. 

grown first and then a 700 Ä thick Cdi.xMnxTe material 
with a gradient of chemical composition from x » 0.30 to 
x = 0 was formed on top of the structure. This was 
achieved by maintaining a constant deposition rate of 
CdTe while vaporization of the Cdi_xMnxTe target was 
gradually phased out as the triggering of the XeCl laser 
was reduced from 60 to 0 Hz [20]. The dual-laser PLD 
technique has the potential for controlled doping of 
semiconductor thin films [21,22]. It has been successfully 
applied to provide Cd flux, by ablating a metal Cd target, 
during the epitaxial growth of Cdi_xMnxTe films from a 
Cdo.44Mno.56Te target [23]. This made it possible to obtain 
films with 0.44 < x < 0.70 by adjusting the ablation 
conditions of the Cd target. Examples of the use of this 
technique for non-semiconductor materials include 
ablation of a Y203 target with KrF and C02 lasers for 
reduced particulate formation [24] and ablation of Ag and 
YBCO targets for doping YBa2Cu307^ thin films [25]. 

In addition to the "laser-only" approach represented in 
Fig. 1, a combination of PLD with molecular beam epitaxy 
(MBE) has been explored for gas-phase deposition and 
fabrication of superlattices, e.g., sawtooth superlattices of 
Hg!.xCdxTe [26], and for N doping of ZnTe [27]. 

2.2 Laser dry etching 
Excimer lasers have recently become tools of choice 

for sub-um semiconductor photolithography [28]. One of 
the attractive features of these lasers is that their high- 
energy pulses can be used for photoresist-free patterning of 
materials. This can be realized through direct material 
ablation or through dry etching upon introducing a reactive 
gas atmosphere. The idea of a laser-based dry etching 
(LDE) approach is illustrated schematically in Fig. 3. A 
comparison with conventional photolithography indicates 
that LDE leads to the elimination of several processing 
steps. Required patterns can be achieved by projecting 
masks made of metallic thin films (e.g., Cr on glass) or 
stacks of dielectric films. Advanced applications, for 
instance where utilization of the beam is an important 
issue, can be realized with phase-shift masks or diffractive 
element masks. In addition, etching with a tightly focussed 
beam can be applied for the fabrication of almost arbitrary 
shape 3D structures (laser carving). The ability to target 
various sites of the same wafer processed with a laser 
beam of tunable characteristics also makes possible the 
fast fabrication (prototyping) of novel microstructures. 

Due to the compatibility with a vacuum environment, 
LDE of semiconductors offers a useful way of integrating 
patterning with growth for optoelectronic device 
development. Thus, the process has the potential of 
providing cost-effective solutions in the manufacture of 
um-size microelectronic and optoelectronic devices. An 
example of a microstructure fabricated in InP using a 
diffraction-LDE approach [29] is shown in Fig. 4. The 
result illustrates the strong anisotropy of the process: the 
shape of the etched features is a reasonable replica of the 
distribution of the laser beam intensity on the processed 
surface. Features as small as 0.5  um can easily be 

Convenbona! 
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FIG. 3. Patterning by laser dry etching eliminates 
the several processing steps that are required in 
conventional photolithography. 
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FIG. 4. Patterning of InP with a diffraction-LDE 
approach. The pattern was formed using 1000 
pulses of a XeCl excimer at 71 mJ/cm2. Processing 
was carried out in Cl2/He [29]. 

distinguished in this figure. In a similar experiment, we 
were able to fabricate 0.02-um size features with the LDE 
technique [30]. 

An important feature of LDE is that laser pulse energy 
(fluence) required for structuring in a reactive atmosphere 
of gases such as Cl2 or HBr is much smaller than that 
normally required during direct laser ablation. 
Consequently, LDE can lead to reduced-damage or 
damage-free patterning of materials. This issue was 
addressed specifically in reactive ion etching (RIE) and 
LDE experiments of InP/GalnAs microstructures [31]. 

Although substantial effort concerning photo-excited 
processes and LDE of semiconductors has been 
documented in the literature [32-44] it remains to be seen 
whether this method would find its niche in commercial 
applications. Examples of successful implementation of 
the LDE technology for device applications include 
fabrication of InAlAs/InGaAs high-electron-mobility 
transistors [45], integrated InP microlenses [46] and 
GaAs/AlGaAs multiple quantum well circular ring lasers 
[47]. 

3. MONOLITHICALLY INTEGRATED PHOTONIC 
DEVICES 

Semiconductor lasers are key devices in photonic 
applications for communications such as in wavelength 
division multiplexing (WDM) networks. The integration of 
several semiconductor lasers and, especially, of a single 
laser with other devices, such as waveguides, modulators, 
couplers and optical switches require manufacturing 
technologies capable of addressing a variety of materials. 
The current approach in manufacturing of such devices 

relies on the fabrication of hybrids consisting of different 
materials. This is a practical approach, but it is costly due 
extensive production requirements. The ability to fabricate 
multifunctional photonic devices with the same core 
material, i.e., monolithically integrated photonic devices 
(MIPD), is an attractive feature with the possibility of 
overcoming problems related to the hybrid device 
technology. Non-contact processing and compatibility of 
high-power IR and UV lasers with materials of extremely 
different mechanical and optical properties have potential 
applications for both hybrid and MIPD structures 
fabrication. This application has also the potential of 
overcoming the limitations of conventional methods 
currently applied for manufacturing advanced devices. 

A MIPD structure requires different band-gap material 
within the same wafer. Generally, this can be achieved by 
growth and/or post-growth processing techniques. The 
most common growth-related methods are: 
a) Growth/Etch/Re-growth 
b) Growth on patterned substrates 
c) Laser-assisted growth 

The basis of each of these methods is selective area 
epitaxy. The first method has been demonstrated, e.g., for 
the fabrication of laser/waveguide butt-joints [48,49]. 
Selective growth on patterned substrates has been 
investigated, e.g., for GaAs/InGaAs [50] and InP/InGaAs 
[51,52] microstructures. A 1.55-um wavelength-selectable 
microarray of 8 lasers monolithically integrated with a 
multi-mode interference optical combiner is an example of 
an advanced photonic device obtained with selective area 
epitaxy [52]. The use of a laser for selective area epitaxy is 
based on the ability to change temperature of a wafer at 
defined areas and/or influence chemical reactions taking 
place on the growing surface. Depending on the growth 
process this may change the properties of the grown 
material from doping to chemical composition levels. 
Laser-assisted epitaxy has been investigated for materials 
such as GaAs/AlGaAs [53] and Si [54]. The approach has 
been demonstrated in successful fabrication of 
multiwavelength laser arrays based on InP/InGaAsP 
microstructures [55]. 

Post-growth processing for manufacturing material 
with areas of different band-gap takes advantage of the fact 
that a common active photonic microstructure, such as a 
semiconductor laser, consists of quantum wells (QW) and 
barriers that can be intermixed. It has been observed that 
controlled intermixing between the GaAlAs barrier and 
GaAs quantum well materials (quantum well intermixing - 
QWI) can be achieved at relatively low (800-900 °C) 
temperatures [56]. Direct thermal annealing however does 
not have the lateral resolution that is required to realize a 
MIPD concept. Approaches that have been examined to 
address the lateral resolution issue include [57]: 

a)   impurity-induced intermixing 
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b) impurity-free vacancy diffusion 
c) ion -implantation-induced intermixing 

Since thermal annealing is basic to any QWI technique, the 
choice of a laser as a heating source is highly attractive due 
to the ease with which a laser beam can be delivered to a 
well-defined spot. Thus, selective areas of band-gap 
shifted material can be achieved within same wafer in a 
single pressing step. Lasers, such as the KrF excimer (X = 
248 nm), Ar-ion (X = 514.5 nm) and Nd:YAG (X = 1064 
nm) have been successfully applied for the purpose of 
demonstrating QWI in microstructures consisting of 
GaAs/AlGaAs [58-60], InP/GalnAs [61,62] GalnP/AlGalnP 
[63]andSi/SiGe[64]. 

3.1 Laser-induced quantum well intermixing for 
manufacturing MIPDs 

The principle of using an IR laser for selective area 
processing of QW microstructures is depicted in Fig. 5. In 
this particular case, Si/Si0.7oGe0.3o microstructures were 
processed with a CW Nd:YAG laser. Following a 6 min 
laser irradiation, a 142 meV blueshift of the band-gap 
structure was achieved. With the beam focussed to a spot 
of 0.8 mm diameter it was possible to confine the laser 
intermixed area to about 2 mm [64]. Processing of 
GalnAsP/InP QW microstructures with the same laser 
source led to a significantly better confinement. The results 
plotted in Fig. 6 illustrate the QW photoluminescence (PL) 
peak position for such microstructures irradiated for 1 and 
4 min. This resulted in maximum blue shifts of 36 and 59 

Nd:YAG 
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FIG. 5. Schematic illustration of the concept of 
Nd:YAG laser-induced selective area band-gap 
tuning in Si/Sii.xGex microstructures [zz]. 
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FIG. 6. Two-dimensional profile of the NdrYAG 
laser fabricated GalnAsP/InP QWI material. The 
FWHM of the fabricated structure is about 400 
|im, which is about half of the FWHM of a 
NdrYAG laser beam used for annealing [62]. 

meV, respectively [62]. In both cases the spatial profile of 
the intermixed material can be fitted to a Gaussian curve 
with a full-width-at-half-maximum (FWHM) of about 0.4 
mm. The main reason for the reduced lateral dimension of 
the QWI material appears due to the less efficient heat 
dissipation in GalnAsP/InP as compared to that in the 
Si/Si^Gex microstructures. However, other parameters 
such as mechanisms of diffusion and intermixing in these 
two different material systems have to be taken into 
account for more accurate interpretation of this result. It is 
reasonable to expect that dimension of the QWI material 
could be further reduced if a smaller diameter laser 
annealing spot and/or reduced annealing time were 
applied. For instance, the writing of < 100 nm wide lines 
of the QWI material, blueshifted by 60 meV, has been 
demonstrated with a beam that was scanned at 20 um/s 
[62]. 

The laser-QWI technique offers the possibility of 
fabricating material with a continuously changing band- 
gap. This unique feature can find applications in the 
fabrication of broad-spectrum light-emitting diodes or 
dense arrays of multiwavelength lasers. An example of an 
array of multiwavelength lasers fabricated with the laser- 
QWI technique is shown in Fig. 7 [65]. This is a truly 
monolithically integrated photonic device. It consists of 12 
broad-area lasers with 500-um cavity length. Laser A, 
which emits at ~ 1498 nm, was fabricated from the 
material that corresponds to the as-grown microstructure. 
The other lasers, located on the same bar at distances of 
1.9 (laser B), 2.4 (laser C) and 3 mm (laser D) from the 
laser A, emitted at about 1476,1440 and 1405 nm, 
respectively. For several laser bars with cavities of 300, 
400 and 500 um, no measurable change in the laser 
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FIG. 7. A schematic drawing illustrating positions of broad area 500 ^m cavity lasers on a 3.2 mm long bar 
(a), and corresponding emission spectra for the indicated lasers (b) [65]. 

threshold current density was observed for devices made 
from the QWI material blueshifted up to 60 nm. Only a 
slight increase in the threshold current, up to 13 %, was 
observed for lasers operating at ~ 1400 nm. The increased 
functionality and/or reduced manufacturing costs of an 
integrated circuit are key issues addressed by the laser- 
QWI technology. Clearly, it remains to be shown what 
would be the maximum allowable blueshift, for a 
particular material system, without compromising the 
performance of integrated devices made from such 
material. 

3.2 Laser-induced quantum dot intermixing 
There has been a growing interest in the investigation 

of semiconductor quantum dot (QD) microstructures due 
to their potential in the fabrication of high gain, low 
threshold and weak temperature dependent lasers [66]. 
These features make the QD lasers more desirable than 
well-established QW lasers. Also, semiconductor QDs 
have potential as fundamental building blocks of future 
quantum computers and quantum information processing 
[67]. In spite of significant progress that has been achieved 
in recent years, the systematic fabrication of QD 
microstructures that have well-defined band-gap structure 
(excited state energy and states spacing like in an artificial 
atom) has remained an extremely difficult task. The extent 
of controlling the properties of InAs/GaAs QDs has been 
increased by introducing the indium-flush technique [68] 
and in-situ annealing [69]. However, post-growth tuning of 
the QD material properties, if carried out selectively, is a 
highly attractive technique that could find applications in 
the fabrication of artificial quantum microstructures and/or 
photonic band-gap crystals. 

Laser-induced intermixing of InAs/GaAs quantum dot 
(laser-QDI)  microstructures  has  been  investigated  for 

selective area tuning of their electronic shell structure. 
Using a 60 W CW Nd:YAG laser beam, samples were 
heated up to temperatures near 900 °C. This is a similar 
approach to that applied for post-growth processing of 
various QW microstructures. Changing the annealing 
temperature and irradiation time allows control of the 
extent of QD intermixing. The effect has a threshold 
behavior and no significant intermixing has been observed 
for 30-s irradiation time if temperatures were near 700 °C, 
or below. Conversely, annealing for 40 s at ~ 850 °C led to 
blue shifting of the QD ground state by 298 meV, i.e., to 
the spectral region where the PL signal originated from the 
InAs wetting layer [70]. Two PL spectra shown in Fig. 8 
illustrate the dramatic changes taking place following 
laser-induced intermixing. The long-wavelength spectrum, 
which was measured 4 mm away from the laser-annealed 
spot, corresponds to the as-grown material. Well-resolved 
QD excited states (n = 1, 2 and 3) with the ground state 
located at X0 = 1078 nm can clearly be seen. The short- 
wavelength (blue-shifted) spectrum was measured at the 
center of the laser annealed spot. It can be seen that the 
position of the ground state observed at A,0 = 885 nm has 
been shifted by 251 meV (from k0 = 1078). The 
observation of the QD excited states unambiguously 
demonstrates that the QDs retained their zero-dimensional 
density of states even after such intense intermixing 
conditions. Some indication of the lateral resolution of the 
laser-QDI process is provided in Fig. 8b which shows the 
ground state transition (n = 1) as a function of the position 
on this sample. It can be seen that the most blue-shifted 
ground state peaks at 880 nm, and its position remains 
almost unchanged over the distance of 1-1.5 mm, i.e., the 
distance that approximately corresponds to the size of the 
laser annealing spot. It can be expected that with smaller 
laser spot sizes the selectivity of the intermixing process 

60 Proc. SPIE Vol. 4088 



1.0- 

0.6 

c 

0.4 

T = 77 K       MS 

800       850 

1100 

1150 

Wavelength (nm) Position on the sample (mm) 

a) b) 
FIG. 8. PL spectra measured at two sites (4 mm apart) on same sample corresponding to the as-grown 
InAs/GaAs QD material (long-wavelength spectrum) and the laser-QDI material blueshifted by 251 meV 
(a). Wavelength of the QD ground state (n = 1) plotted as a function of the position on the same sample (b) 
[70]. 

could be confined to sub-um-scale regions. This, in 
conjunction with the ability to adjust the QD density 
during the growth process, should make it possible to 
fabricate arrays of the QDI material, with an individual 
"pixel" comprising 1 to ~ 100 QD/um2. 

4. CONCLUSIONS 

Continuous advances and development of the laser 
technology has resulted in many applications, where the 
laser has been used as a manufacturing tool, offering 
solutions often unattainable with conventional methods of 
fabrication. Frequently this has also led to more cost- 
effective processes such as via hole drilling in 
manufacturing of printed circuit boards. Pulsed laser 
deposition has found its niche in investigation of thin films 
of new materials and novel microstructures. Of particular 
interest for photonic applications are semiconductors. 
These materials are pivotal for active (lasers, switches, 
modulators) elements. They also find applications in 
fabrication of passive (waveguides) elements of current 
photonics. Due to the specific requirements concerning the 
band-gap of semiconductor-made both active and passive 
devices the process of band-gap engineering that can be 
realized with the PDL technique, such as shown in Fig. 2, 
has the potential of providing novel devices and it deserves 

further attention. One of the most attractive features of 
laser-based manufacturing technologies is that the laser 
can process incompatible materials. A direct consequence 
of this is the possibility of providing less expensive 
technologies. Also, the laser can become an effective tool 
for some applications. For instance, it can lead to damage- 
free patterning (e.g., see Fig. 4) - a feature highly desirable 
for many applications especially those involving 
semiconductor materials. 

The growing demand for hybrid solutions and 
monolithically integrated photonic devices has added new 
possibilities for laser applications. Examples of those 
possibilities involving post-growth processing (laser 
intermixing) of semiconductor quantum wells and 
quantum dots were discussed in this paper. It has been 
demonstrated that the band-gap structure of Si/Sii_xGex and 
InGaAs/InGaAsP materials can be tuned in excess of 200 
meV, i.e., over the range that is essential for fabricating 
arrays of multiwavelength detectors, lasers and broad-band 
diodes. The lateral selectivity of this process is sufficient 
to carry out laser "writing" of band-gap shifted material on 
um-scale. Arrays of multiwavelength lasers operating 
between 1400 and 1500 nm have been fabricated with this 
technique (Fig. 7). To the best of our knowledge this is the 
first demonstration of the use of laser-processing 
technology   for   the   fabrication   of  a   monolithically 
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integrated photonic device. The idea has recently been 
examined for laser-induced quantum dot intermixing. 
Extensive blue shifts (~ 300 meV), reduced inter-sublevel 
spacing (from ~ 60 to 19 meV) and reduced linewidth of 
the QD ground state (from ~ 50 to 8 meV) which have not 
been observed previously confirmed the attractiveness of 
laser-induced intermixing for device fabrication [70]. In 
addition to the use of this technique for tuning the 
properties of as-grown material, potential applications 
exist in the manufacturing of advanced microstructures 
such as photonics band-gap crystals and zones of different 
photonic band-gap crystals monolithically integrated 
within the same semiconductor chip. 
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Micromachining of Transparent Materials by Laser Ablation of Organic 
Solution 

JunWANG**,      Hiroyuki NIINO*,      and    Akira YABE* 

* National Institute of Materials and Chemical Research, 1-1 Higashi, Tsukuba,    305-8565, Japan 
E-mail: yabe@nimc.go.jp 

** Present address: Taiyo Yuden R&D Center, 5607-2 Nakamuroda, Haruna. Gunma, 370-3347, 
Japan 

Transparent materials such as fused silica, quartz, calcium fluoride, and fluorocarbon polymer were 
etched upon irradiation of organic solution containing pyrene with a conventional KrF excimer laser. 
Threshold fluence for etching was 240 mJ/cm2 for fused silica. Etch rate remarkably depended on a 
concentration of pyrene: higheretch rate with the increase of pyrene concentration, it means that pyrene 
molecules play an important role in this process. The etch rate can be easily controlled through changing 
a laserpulse number, a laser fluence and a concentration of solution. The mechanism for this process is 
discussed by cyclic multiphotonic absorption of pyrene in the excited states, thermal relaxation, and 
formation of super-heated solution. As the results, it is suggested that the process is based on the 
combination oftwo processes in the interface between the transparent materials and the liquid: one is a 
heating process by a super-heated liquid and the other is an attacking process by a high temperature and 
pressure vapor. 

Keywords: micromachining, etching, transparent material, excimerlaser, multiphotonic absorption, laser 
ablation, organic solution 

1. Introduction 

Laser ablation with pulsed U V lasers such as excimer lasers 
enabled fine micromachining of a variety of materials 
including organic polymers. It is indispensable, however, 
that the material has a significant absorption in the rang of laser 
lines, becausethe firstprocess in laserablation is absorption 
ofphoton by the material. Therefore, micromachining of 
transparent materials such as fused silica and fluorocarbon 
polymers is not achieved by laser ablation using conventional 
excimer lasers. Most of recent approaches for such a 
micromachining are laser ablation by the use of F2 laser or 
ultra-short pulsed laser. On the contrary to these studies, we 
found a new method to etch transparent materials by the use 
of conventional KrFandXeCl excimer lasers, unexpectedly in 
the course of mechanistic study on laser ablation of polymer 
films [1-3]. 

2. Experimental 

Our original study was concerned with laser ablation ol 
polymethylmethacrylate (PMMA) films doped with aromatic 
organic compounds such as pyrene and benzil [4]. In this 
study the polymer film which was coated on a fused silica 
substrate was irradiated with a conventional KrF excimer laser 
(FWHM 30 ns) (Fig. 1(a)). When the sample was once 
irradiated from the opposite side by an experimental mistake 
in the darkroom, we found unexpectedly that the back surface 
of a fused silica plate was damaged simultaneously with 
ablation of the polymer film (Fig. 1(b)). This finding is the 
origin of our processing for transparent materials. 

Further pulse irradiation, however, could not extend the 
etch depth of fused silica because the polymer film was 
completely ablated after a few pulses. So far as the polymer 
film is coated on the fused silica plate, the amount of etched 
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silica is limited to extremely small. Therefore, we set up a 
new system using an organic solution containing pyrene in 
stead ofa pyrene-dopedpolymer thin film as shown in Fig. 3. 
A glass vessel containing an acetone solution of pyrene is 
attached on the back side of transparent material with O-ring. Pyrene 

(a) 
-[ Our original study j- 

PMMA film doped 
Fused silica plate with pyrene or benzil 

(t = 0.5 urn ) 

/,     -* /„ 

KrF 
excimer 
laser 

Ablation of 
J    polymer film 

(b) 
Unexpected finding 

Fused silica plate      PMMA film doped 
i with pyrene 

KrF      V_,   r~l 

excimer 
laser Ablation of 

*'_^Y polymer film 

Damage of 
silica plate!! 

Fig. 1 Schematic diagram for our study on polymer 
ablation: (a) Original experiment, and (b) Unexpected 
experiment 

Acetone 

O 
II 

CH3—C—CH3 

H2C   CH2 
Tetrahydrofuran /      \ 

H2CV   /CH2 

Fig. 2   Chemical formula of chemical reagents used in the 
processing 

Transparent 
material Lens 

Pyrene 1 
solution 

c    ■**— 
KrF 
Excimer 
Laser 

V          1^ 

Pattern mask 

Fig. 3 Experimental setup for micromachining of transparent 
materials by using organic solution: Laser-Induced Backside 
Wet Etching 

A KrF excimer laser (248 nm, FWHM 30 ns, Lamda 
Physik, EMG201MSC) and a XeCl excimer laser (308 nm, 
FWHM 20 ns, Lambda Physik, EMG102MSC) were used as 
a light source. The intensity of the laser beam was attenuated 
by a dielectric mirror positioned in front of the laser output. 
One side of the plate was in contact with acetone solution 
containing pyrene and the other side was irradiated with the 
laser at room temperature. 

A mask with a square aperture was used to investigate the 
etch rate. The etched size was about 0.65 mm x 0.65 mm. 
Etching was carried out with 100 pulses of irradiation with a 
repetition rate of 2 Hz unless otherwise stated. Depth 
profiles were determined with a stylus instrument (Talystep, 
Taylor-Hobson). 

A metal stencil mask was used to etch a pattern of 10 urn 
lines and spaces. The etched pattern was measured by 
scanning   electron   microscopy   (SEM:DS-720,   Topcon). 
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Transparent materials were a fused silica (Si02) plate (Suprasil 
II, Heraeus) with a thickness of about 0.5 mm and a calcium 
fluoride (CaF2, random cut) plate with a thickness of 1 mm, a 
transparent quartz crystal plate (c-Si02, X-cut, 1120) with a 
thickness of 2.0 mm, and an UV-transparent fluorocarbon 
polymer film (FEP: fluorinated ethylene-propylene co- 
polymer), Nitto Denko Co.). 

Organic solutions containing pyrene at a concentration of 
0.1 to 0.4 mol/dm were prepared by solving pyrene 
crystallites (Tokyo Kasei Co.) into acetone as solvent. 

3. Results 

A fused silica plate in contact with an acetone solution of 
0.4 mol/dm' pyrene was irradiated with 400 pulses of KrF 
excimer laser at 860 mJ/cm . Figure 4 shows scanning 
electron micrographs (SEM) of the irradiated surface of fused 
silica. The lines, 10 |um wide and 3.5 |J.m deep, had well- 
defined sharp edges without debris and cracks. The etched 
surface was smooth and debris-free. 

Similar irradiations with the KrF excimer laser were 
carried out forplates of quartz crystal and calcium fluoride. In 
case of FEP, irradiation was carried out with a XeCI excimer 
laser unless otherwise noted. SEM photographs of these 
materials were shown in Figs. 5, 6 and 7. 

Fig. 5 SEM photograph ofquartz crystal irradiated with 400 
pulses of KrF excimer laser at 800 mJ/cm2, using an acetone 
solution containing pyrene at a concentration of 0.4 mol/dm'. 

Fig. 4 SEM photographs ofthe fused silica plate irradiated 
with 400 pulses with KrF excimerlaserat860 m.l/cm2, using 
an acetone solution containing pyrene at a concentration of 0.4 
mol/dm : (a) top view and (b) magnified view at inclined 
angle. 

Fig. 6 SEM photograph of CaF2 irradiated with 500 pulses 
of KrF excimer laser at 900 mJ/cm2, using an acetone solution 
containing pyrene at a concentration of 0.4 mol/dm3. 
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Si02, 330 mJ/cm2 for crystal Si02, 740 mJ/cm2 for CaF2, and 
45 mJ/cm2 for FEP. These fluences were remarkably low 
compared to those given by conventional laser ablation upon 
direct laser irradiation. For instance, the fluence at 240 
mJ/cm2 in case of f-Si02 is about 1/40 lower than that ol 
conventional KrF excimer laser ablation. 

Figure 9 is plots of etch rate of £Si02 as a junction of 
laser fluence in irradiation with the KrF excimer laser using 
different concentrations ofpyrene in acetone solution. When 
the concentration ofpyrene in acetone increased, the etch rate 
became higher and the threshold fluence decreased. The 
solution of 0.4 mol/dm3 was almost saturated in acetone 
solvent. If tetrahydrofuran (THF) was used as solvent 
instead of acetone, 1.0 mol/dm3 solution was prepared. The 
threshold fluence of fused Si02, using 1.0 mol/dm3 THF 
solution decreased to 170 mJ/cm . 

Fig. 7 SEM photograph of FEP irradiated with 400 pulses of 
XeCl excimer laser at 230 mJ/cm2, using a THF solution 
containing pyrene at a concentration of 1.0 mol/dm'. 

Figure 8 shows the relationship between etch rate and laser 
fluence, where good linear relationships were observed for all 
the materials. By extrapolation of these lines, threshold 
fluences were estimated as follows: 240 mJ/cm for   fused 
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Fig. 8 Plots of etch rate as a function of laser fluence in the 
irradiation with KrF excimer laser, using an acetone solution 
containing pyrene at a concentration of 0.4 mol/dm'. 

500 1000 

Laser fluence ( mJ/cm2) 

1500 

Fig. 9 Plots of etch rate as a function of laser fluence in the 
irradiation with KrF excimer laser, using acetone solutions at 
different concentrations. 

4. Discussion 

The first question, in this processing, is how laserphotons 
are absorbed. It is well known that the transmission of laser 
is a function of laser fluence in the case of laser ablation of 
polymer. Recently we reported a method to analyze the 
nonlinear absorption behavior in laser ablation of polymer 
doped with pyrene by introducing an absorption coefficient 
dependent on laser intensity. Similarly to laser ablation of 
polymer, the absorption coefficients forthe solution should be 
dependent on laser fluence when the solution is irradiated at a 
high fluence. We estimated corrected absorption coefficients 
at the threshold fluence (a,/,) using our previous results.    On 
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the basis of these results, we estimated the penetration depth 
(I la,h) (Fig. 10) for three differentsolutions as described before 
in the case of fused Si02(Table 1). As a result, most of laser 
photons is deposited in a thin solution layer with thickness of 
around   0.7-2 u.m from the surface of silica plate. 

(Transparent material) 
Fused silica plate 

Pyrene | 
acetone j 
solution i 

KrF excimer laser 

LH 

Penetration depth L = 1 / OL 

Fig. 10 
Etching. 

Laser absorption in Laser-Induced Backside Wet 

The next question is how absorbed laser photons act in 
organic solution. Although we have not yet studied on 
primary process of pyrene in solution in the excited states 
upon laser irradiation, we can refer to a model presented by 
Fukumura at al. They studied laser ablation of dopant- 
induced polymer and proposed the model of "cyclic 
multiphotonic absorption" [5,6]. According to cyclic 
multiphotonic absorption mechanism, each dopant can 
absorb more than ten photons and the laser energy absorbed by 

the dopant is converted into thermal energy via rapid 
nonradiative transition in the excited states, resulting in 
thermal decomposition of the polymer. 

In cyclic multiphotonic absorption, on the assumption 
that the absorbed laser energy is converted entirely into heat 
and that the heat diffusion is much slower than the laser pulse 
duration, we can estimate roughly the maximum temperature 
of the solution layer at the threshold fluence by using a simple 
equation: 

T,i, = Tn   + a,i, F,i, I p C 

where Tlt, is the maximum temperature at threshold, Tn is 
room temperature and p and C are the density and the heat 
capacity of acetone, respectively. The results are shown in 
Table 1. T,h is the maximum possible temperature   il 
the liquid is heated to a super-heated state without evaporation 
The temperature on the surface of fused silica plate in contact 
with the super-heated liquid will rise to about 2000 K, 
which is higher than the softening temperature of fused silica 
(1700 K). 

On the basis of these assumption, we imagine aplausible 
mechanism for our processing as follows (Fig. 11). Pyrene 
molecules in the organic solution absorb the laser energy by 
cyclic multiphotonic absorption and heat organic solution to 
generate a super-heated liquid. The super-heated liquid 
only heat the surface of fused silica but also attack the 
softened surface with high temperature and pressure vapor. 
As a result, clusters of Si02 must be removed from the bulk 
plate into liquid phase. After the laser pulse, the irradiated 
layer cools immediately. This rapid cooling prevents the 
bulk plate from being thermally damaged. 

Table 1      Estimation of maximum temperature (Tn) of acetone solution containing pyrene at different 

concentration upon laser irradiation at threshold: absorption coefficient (a„), revised absorption coefficient 

(a,,,) at etching threshold fluence ( Flh), and penetration depth (\la„). 

Concentrations of pyrene a„ a„, \la„, 

(mol/dm3) ((im"1 ) ((im"' ) ((im) ( mJ/cm") (K) 

0.10 

0.20 

0.40 

0.20 0.48 2.08 580 1900 

0.39 0.90 1.11 350 2100 

0.78 1.40 0.71 240 2300 
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Fig. 11    Plausible mechanism for Laser-Induced Backside 
Wet Etching. 

5. Conclusion 

In our processing the role of pyrene molecule is 
indispensable for efficient etching, because pyrene can absorb 
cyclically multiphotons and convert UV-laser energy into heat. 
Pyrene plays a role of molecular heater with enormously high 
efficiency. Our micromachining process based on this 
mechanism for pyrene molecule is quite different from the 
process using aqueous solution containing inorganic 
compounds such NiS04[7], CrOj, and KMn04[8,9]. In 
these processing using inorganic solution, remarkably high 
laser fluence such as 3-10 J/cm" was applied and, as a result, it 
induced microcracking in the etched surface and edge. 
Compared to these processes, our process enabled fine 
etching by using effectively UV-laser at low fluence owing to 
the role of pyrene molecule. 

References 

[1] J.Wang, H.Niino, and A.Yabe: Appl. Phys.A, 68(1999) 
111. 
[2] J.Wang,  H.Niino, and A.Yabe: Jpn.  J. Appl.  Phys., 
38(1999) L761. 
[3] J.Wang, H.Niino, and A.Yabe: Appl. Surf Sei., 154- 
155(2000)571. 
[4] J.Wang,  H.Niino, and A.Yabe: Jpn. J. Appl. Phys., 
38(1999)871. 
[5]    H.Fukumura    and    H.Masuhara:    Chem. Phys. Lett., 
221(1994)373. 
[6] H.Fujiwara, T.Hayashi, H.Fukumura, and H.Masuhara: 
Appl.Phys.Lett, 64( 1994) 2451. 
[7] J.Ikeno, A.Kobayashi, and T.Kasai:  Jpn. Soc. Precis ion 

Proc. SPIE Vol. 4088 69 



F2 laser ablation of GaN 

Toshimitsu AKANE*, Koji SUGIOKA*, Shintaro NOMURA**, 
Kiyotaka HAMMURA*, Kotaro OB ATA***, Naoko AOKI***, 

Koichi TOYODA***, Yoshinobu AOYAGP, Katsumi MIDORIKAWA* 

*RIKEN (The Institute of Physical and Chemical Research), 
2-1 Hirosawa, Wako, Saitama 351-0198, Japan 
"Institute of Physics, University of Tsukuba, 

Ten-nodai 1-1-1, Tsukuba, Ibaragi 305-8571, Japan 
""Department of Applied Electronics, Faculty of Industrial Science & Technology, Science university of Tokyo, 

2641 Yamazaki, Noda, Chiba 278-8510, Japan 

E-rnail: akane@postman.riken.go.jp 

Abstract 

F2 laser ablation etching of GaN has been demonstrated. The etching geometry, etching rate and microroughness 
were investigated, and compared to the case of KrF excimer laser ablation etching. The etching process is consisted of 
the ablation and hydrochloric acid treatment. Very sharp edge was found along the etched area. The microroughness 
of etched surface is reduced as the laser intensity increases. The F2 laser ablation of GaN is thought to be initiated 
by direct photoionization by single-7.9 eV photon absorption. 

keywords: GaN, F2 laser, KrF excimer laser, ablation, etching, planarization 

1    introduction 

Ill-nitride compound semiconductors have difficulty in 
etching process due to their hardness and chemical sta- 
bility. Plasma etching [1] [2], reactive ion etching (RIE) 
[3] [4] have been mainly applied for those materials, 
however, they might have problem in inducing defects 
by ion bombardment. Electrochemical [5], electrophoto- 
chemical etching in solutions [6], or photochemical etch- 
ing in gaseous or solutions [7], have been proposed for 
practical etching methods. Ablative etching is demon- 
strated to show ultra high etching rate by using YAG:Nd 
4w [8], 2u> [9], and KrF excimer laser [10] [11], Because 
of its short wavelength (high photon energy), F2 laser 
has great potential in lithography for next generation Si- 
ULSI, and also has potential in intense photochemical 
excitation in material processing with high resolution. 

In this work, we demonstrate F2 laser ablation etch- 

ing, and investigate basic etching characteristics. 

2    Experimental 

The etching process was consisted of the laser ablation 
and hydrochloric acid treatment. The fluence of F2 laser 
(A = 157.6 nm, r = 20 ns, Lambda Physik: LPF 105i) 
was changed from 50 mJ/cm2 to 2.9 J/cm2 by chang- 
ing area size of incident laser. KrF excimer laser was 
employed for comparison. Single pulse was irradiated 
to 700 nm-GaN:Mg grown on sapphire substrate in N2 

purging flow. Ni mesh with plenty of 25 fim square holes 
was set on the samples as a contact mask. Post chemi- 
cal treatment using 35 %-hydrochloric acid with ultra- 
sonication was undertaken after the laser irradiation. 
Etched depth was measured by stylus profiler. Surface 
morphology was observed using conventional optical mi- 
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croscope and scanning electron microscope (SEM). To- 
pographic measurement was carried out using tapping 
mode atomic force microscope (AFM). 

3    Results and discussion 

Figures 1 shows laser intensity (/) dependence of the 
etching rate for KrF excimer laser and F2 laser. For the 
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Figure 1: Laser intensity dependence of the etching rate for F2 
laser and KrF excimer lasers. 

case of KrF excimer laser etching, acceleration of the 
etching rate is observed at higher laser intensity [11]. 
The rate acceleration is caused by temperature rising 
by the laser irradiation [12]. In contrast, for the case 
of F2 laser irradiation, almost no acceleration is con- 
firmed at same intensity range, this means the etching 
rate is linearly depends upon Inl, i.e., the etching rate 
is expressed by the Lambert-Beer's law. Thus, F2 laser 
realizes less thermal ablation compared to the KrF ex- 
cimer laser ablation. 

AFM images in Fig. 2 are obtained from the samples 
etched by KrF excimer laser ((a), (b)) and etched by 
F2 laser ((c), (d)). The laser intensities are (a) 58.8 
MW/cm2, (b) 88.2 MW/cm2, (c) 58.8 MW/cm2, and 
(d) 100 MW/cm2. In KrF etched samples (Fig.2 (a) 
and (b)), geometry degradation at mask edge region is 
observed. While, well resolved ripple patterns caused 
by mask edge diffraction, and very sharp mask edges 
are observed in F2 laser etched samples (Fig.2 (c) and 

(d)). Therefore, shorter wavelength is desirable for well- 
resolved ablation etching. 

Figures 3 (a) and (b) are relationship between the 
average roughness (Ra) and the laser power, for the case 
of F2 laser and KrF excimer laser etching, respectively. 
Ra is evaluated in 5 ßm area at the center of etched re- 

[x!0°] [xl0°] 

Laser intensity (W/cm ) 

Figure 3: Ra changing as a function of the laser intensity, (a) 
and (b) are for the case of F2 laser and KrF excimer laser irradi- 
ation, respectively. 

gion. Ra is reduced by increase of the F2 laser intensity 
(Fig.3(a)), similarly to the case of KrF excimer laser 
etching (Fig.3(b)). The planarization effect is thought 
to be the reflection of the temperature rising by the 
laser irradiation [13]. Ga-rich layer formed at ablated 
surface by N effusion is thought to act as heat-sink, and 
lateral heat conduction inside the Ga-rich layer results 
in thermal decomposition of microroughness at Ga-rich 
layer/GaN interface. The reduced Ra values are ~ 4 nm 
and ~ 3.3 nm for F2 laser and KrF excimer laser etch- 
ing, respectively. Slightly planarized surface is obtained 
by KrF excimer laser irradiation, which is thought to be 
the caused by higher magnitude of temperature rising 
compared to the case of F2 laser irradiation. 
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(a)    KrF 58.8 e 6 W/cm2 (b)   KrF    88.2 e 6 W/cm2 
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Figure 2: AFM images of laser etchied samples. Images (a) and (b) are taken from the samples etched by KrF excimer laser, (c) and 
(d) are etched by F2 laser. 

4    conclusion 

GaN was successfully etched by F2 laser ablation and 
chemical treatment. F2 laser etched samples exhibited 
sharp mask edge and mask edge diffraction pattern. 
The F2 laser realized less thermal ablation, and resulted 
in well-defined structure formation. The planarization 
effect was confirmed in single-pulse F2 laser etching. In 
our current work, further pulse irradiation causes severe 
surface roughening for case of both lasers, however, si- 
multaneous irradiation of both lasers improves surface 
quality, and realizes extremely sharp etching edge. The 
single pulse ablation etching using single laser should be 
proposed for planarization process for finishing of laser 
diode (LD) cavity mirror. 
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For the past several years, our group has focused on the development of polysilicon thin film transistor 
(TFT) processes having maximum allowable substrate temperatures between 100° to 350°C. These 
processes are based on excimer laser crystallization of low temperature deposited a-Si thin films 
combined with low temperature deposited dielectrics and self-aligned gate TFT structures. We have also 
developed a laser-based, source-drain-gate doping/annealing process. Typical n-channel TFT mobilities 
found are u„ -150 cm2/V-s for the 100°C process and -400 cm2/V-s for the 350°C.process. In this paper 
we describe the basic processes and process physics. We then show results for TFTs fabricated at a 
variety of maximum substrate temperatures and a-Si deposition techniques. 

1.    Introduction 

Development of Si process technologies enabling the 
monolithic fabrication of polysilicon thin film electronics 
at temperatures well below 500°C promises to create 
opportunities in several new areas of electronics 
applications. Examples include; i) three-dimensional 
integration of multilayer TFT electronics onto ICs at 
temperatures low enough to prevent degrading of the 
underlying circuitry, ii) on-panel integration of addressing 
and switching circuitry in active-matrix flat panel displays 
and, Hi) the fabrication of electronics on plastic for low- 
cost organic light-emitting displays (OLEDs). Although 
the fabrication of a-Si:H and organic thin film transistors at 
temperatures well below 450°C has been demonstrated 
[1,2,3], the current drive and switching performance of 
these devices (i.e., mobilities - 1 cm2/V-s, sheet 
resistivities - ) are not adequate for the high drive current 
requirements of OLED pixels, and the frequency 
performance required for "on-board" video circuitry. 

The foreseen evolution of the flat-panel display industry is 
toward displays that incorporate increased functionality as 
part of the display panel. This functionality will be 
provided by monolithic integration of on-board drivers 
fabricated in polysilicon thin films. This approach is 
presently being exploited and relies on crystallization of 
low temperature deposited a-Si thin films into polysilicon 
using a pulsed laser [4,5]. For low-cost glass substrates, a 
300 - 450°C process provides the needed TFT performance 
for integration of both n- and p-channel MOS technology 
without degradation of the substrate properties. Also, as 
the development of emissive displays fabricated using 

OLED pixel material becomes a reality [6], the needed 
increase in pixel drive current can be implemented by 
simply replacing the a-Si:H pixel switch transistor with a 
polysilicon device. 

Another direct advantage of low temperature processing, 
is the ability for fabricating active matrix electronics 
(pixels, drivers, etc.) directly onto plastic substrates for 
fabricating displays on plastic. For example, 
polyethylene terephthalate (polyester) is an ideal 
substrate candidate since it has high optical quality, low 
cost and is compatable with most semiconductor 
chemicals. However, it is unable to withstand prolonged 
temperature exposure above 120°C. With typical 
processing temperatures of ~250°C for a-Si:H TFTs and 
350°C and above for polycrystalline TFTs, this substrate 
material is eliminated from choice. 

Present approaches are attempting to reduce the 
maximum processing temperature needed to fabricate 
TFTs to satisfy the requirements of plastic substrates. 
For a-Si:H TFTs, reduction in the a-Si:H thin film 
material deposition temperatures has led to severe 
degradation in important TFT properties, such as 
mobility. For polysilicon TFTs, pulsed laser 
crystallization of the silicon is the only technique 
presently yielding high quality silicon without damaging 
the underlying plastic substrate. 

During the past five years, our group has focused on the 
development of polysilicon thin film transistor (TFT) 
processes that result in a maximum substrate temperature 
of ~100°C. This temperature allows fabrication of high- 
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performance polysilicon TFTs directly on low-cost, 
flexible plastic substrates [7]. Although the effort is 
focused on developing back-plane electronics for flexible 
displays, many other applications of this technology are 
envisioned [8]. Low cost, rugged plastic displays provide 
the opportunity for a dramatic increase in the variety and 
utility of military and consumer display products. In fact, 
the added feature of flexibility may eventually lead to the 
creation of entirely new display markets. Other 
advantages when compared to glass include, a reduction in 
weight of the display as well as decreased breakage during 
fabrication, increased durability for applications, and lower 
overall cost. Flexible plastic substrates lend themselves to 
roll-to-roll processing technologies, potentially enabling 
the development of large area displays for use in 
advertising and simulators. As such, laser processing will 
be directly responsible for the success of these new 
application areas and products. 

The TFT fabrication process is based on pulsed laser 
crystallization of low temperature deposited a-Si thin-film, 
combined with a self-aligned, top-gate TFT structure. It 
incorporates laser-based source-drain and gate doping and 
annealing processes. The 4 eV photons from a XeCl 
excimer laser are strongly absorbed in the near-surface 
region (<10 nm) of the a-Si/polysilicon film. Electrons are 
excited from the valence band into the direct gap of the a- 
Si/polysilicon material. By remaining below the ablation 
threshold for the film, controlled melting of the silicon can 
be accomplished in a very short time (<10 ns). Using a 
pulse length in the range of 30 to 50 ns results in 
deposition of a minimum amount of energy for the 
process, assuring that the underlying substrate is least 
affected. The laser energy fluence is chosen to select the 
final polysilicon microstructure, a parameter important in 
the fabrication of TFT devices [9]. The laser process 
effectively shifts the maximum fabrication temperature for 
the TFTs to that of other steps in the process such as 
dielectric depositions. This allows TFTs to be fabricated 
at temperatures as low as 350°C on glass with mobilities 
approaching that of bulk silicon for use in three- 
dimensional integrated circuit applications [10]. 

In the following, we will describe the basic process and 
physics involved in the laser crystallization. We will then 
show results for TFTs fabricated for a variety of maximum 
substrate temperatures and a-Si deposition techniques. 

2.    Laser crystallization and doping 
The laser crystallization and doping processes are carried 
out using a Lambda Physik XeCl pulsed excimer laser 
having a full-width at half-maximum (FWHM) of about 35 
ns, a double-hump gaussian temporal profile, and a 
wavelength of k = 308 nm. The laser beam is passed 
through homogenizing optics resulting in a top hat spatial 
profile with better than ±5% intensity variation. The laser 
beam can be focused from a spot size of 2x2 mm2 up to 
1.2x1.2 mm2 at the wafer surface.  In most of our work, a 

square beam is stepped across the wafer in a serpentine 
pattern at pulse repetition rates up to 150 Hz with fixed 
energy fluence for each scan. Similar homogenizers 
used in the flat panel display industry are capable of 
creating rectangular shaped laser beams up to 20 cm 
wide, allowing a decrease in the laser processing times 
per substrate. 

The wavelength, energy fluence and pulse width of the 
laser are chosen to optimize the crystallization and 
doping of the silicon, while minimizing heating of the 
underlying substrate. At the wavelenghth of 308 nm, the 
absorption depth of the laser energy for amorphous, 
polycrystalline, and liquid silicon is on the order of 12 to 
15 nm as seen in Fig. 1. The consequence of this very 
shallow absorption depth is that virtually all of the laser 
energy is deposited into the near surface region of the 
silicon layer. Figure 1 indicates that laser wavelengths 
greater than about 360 nm are not suitable for 
crystallizing thin silicon films since the absorption depth 
for crystalline (or polycrystalline) silicon increases from 
about 0.02 fim (20 nm) at k- 360 nm, to over 0.1 ^m 
(100 nm) at k= 400 nm.    The increase in absorption 
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Fig. 1 Absorption (skin) depth for crystalline (or poly), 
amorphous, and liquid silicon as a function of wavelength for 
various lasers. For XeCl excimer lasers (X=308 nm) the skin 
depth is < 0.015 /*m (15 nm) for all three silicon phases which 
means that virtually all of the laser energy is deposited into the 
silicon surface region. 

depth results in less laser energy being deposited into the 
thin film silicon layer. By using a short (35 ns) pulse 
length, the instantaneous power of the laser is high 
enough (~ 15 MW) to rapidly heat the silicon film to its 
melting point before sufficient heat can be conducted 
into the underlying substrate layers. 
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The crystallization and doping steps are carried out in 
LLNLs doping and crystallization cluster tool shown in 
Fig. 2. This cluster tool allows the laser doping deposition 
and drive-in steps to be integrated without breaking 
vacuum. For crystallization of silicon on plastic, the laser 
energy fluence is stepped from 180 to 250 to 330 mJ/cm2 

(for a 90 nm thick silicon layer), with each spot on the 
sample receiving 3 pulses at each fluence. The final laser 
energy fluence is chosen to be slightly above the minimum 
fluence needed to completely melt through the entire 
silicon film, the full-melt threshold energy, and results in a 
relatively uniform grain structure for the film. For the 
doping process, the laser fluence is reduced below the full- 
melt threshold, with each location receiving 3-5 pulses. 

Laser Processing 
Chamber 

Low 
Temperature 
if PECVD 

Pulsed 
Laser 

\PECVD 
Dopant 

Deposition 

Fig. 2. Laser processing, doping, and PECVD cluster tool. 

Using 1-D heat flow simulation and a 35 ns FWHM laser 
irradiation pulse, the thermal profiles in the silicon and 
underlying polyester substrate are calculated. An example 
simulation, shown in Fig. 3, indicates that the silicon 
surface reaches temperatures in excess of the Si melting 
point of 1410°C, while the surface of the plastic is heated 
to approximately 500°C for a time of a few tens of 
microseconds. This particular simulation was for a 100 
nm thick silicon film on a 500 nm barrier oxide on 
polyester. The laser energy fluence was 480 mJ/cm2, 
higher than the full melt threshold energy for this film 
thickness. Although the polyester surface reaches nearly 
500°C for this simulation, the time-temperature product is 
not sufficient enough to damage the plastic. We have 
experimentally verified these results using our process [5]. 
The simulation program predicts lower plastic surface 
temperatures when thinner silicon layers are used. This 
results from lower laser energy fluences being required to 
melt and crystallize thinner films. Similar effects are 
obtained when using thicker barrier oxides. 

3.    TFT fabrication 

Fig. 4(a)-(d) are schematic cross-sections of the TFT 
fabrication at various stages in the process. An initial 
plasma enhanced chemical vapor deposition (PECVD) step 
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Fig.3. Simulation of the thermal history for the TFT 
source-drain regions during the laser doping process. 
The curves match the layers shown in the inset.   The 
XeCl excimer laser pulse intensity units are arbitrary. 

is used to deposit a 0.75 ^im thick Si02 layer on the 
polyester wafer front and back surfaces. For glass 
substrates, 100 nm of SiNx and 500 nm Si02 films are 
deposited. The oxide/nitride layers act both as a 
contamination barrier between the subsequently 
deposited silicon layer and the polyester/glass, and as a 
thermal and stress relief layers for the laser 
crystallization and doping steps for the polyester. The 
bottom layer on the polyester also protects it from 
various processing chemicals and water vapor. 

Following deposition of the front and backside oxides, a 
90 nm thick amorphous silicon layer is formed using DC 
magnetron sputtering onto the barrier oxide coated 
polyester wafer frontside. DC sputtering of the Si avoids 
the added complexity of a silicon dehydrogenation laser 
process. Dehydrogenation is normally required to 
prevent explosive effusion of the excess hydrogen when 
laser crystallizing low temperature deposited PECVD a- 
Si:H [11]. For the higher temperature process, we have 
developed a PECVD process that does not require 
dehydrogenation [12]. The a-Si layer is then crystallized 
in the laser crystallization chamber of the cluster tool 
(see Fig. 2 and Fig. 4a). The multilayer stack, required 
for fabricating the TFTs, is completed by depositing 100 
nm of thick gate oxide in the adjoining plasma chamber 
of the cluster tool. For the higher temperature process, 
130 nm of low pressure CVD Si02 is deposited at 300°C. 
The wafers are then removed from the cluster tool and a 
170 nm thick aluminum gate layer is sputter deposited 
onto this gate oxide in a separate apparatus (Fig. 4b). 

The aluminum gate regions are patterned using standard 
silicon photolithography and wet chemical etching. The 
oxide overlying the source-drain regions is etched using 
a two-step dry/wet etch process. Doping of the TFT 
source-drain  regions  is   carried  out  using  a  second 
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excimer laser step in the cluster tool (Fig. 2). A very thin 
layer of phosphorous (-30 A) is deposited onto the surface 
of the wafer at room temperature using PECVD 
dissociation of PF5 diluted with He as the source gas. 
Following deposition the wafer is transferred into the 
adjoining chamber where the dopant layer is driven into 
and simultaneously activated using a silicon melt/regrowth 
step initiated by the laser. This process is highly effective 
in doping the source/drain regions, resulting in silicon 
sheet resistance values of about 700 Q/Q. This step is 
illustrated in Fig. 4(c). For p-channel TFTs, the dopant gas 
used during the PECVD step is BF3. We have also 
demonstrated a laser activated implantation process for this 
step [12]. 

The TFT is then photolithographically defined on the 
silicon layer and dry-etched to produce isolated silicon 
islands for fabrication of the TFTs. A -500 nm thick 
PECVD Si02 contact isolation layer is then deposited, 
patterned, and the metal contact holes are wet-etched. A 
800 nm thick Al interconnect layer is sputtered onto the 
wafer, patterned and wet-etched to complete the TFT 
structure, shown in cross section in Fig. 4(d). Since the 
structure is self-aligned, misalignment between the gate 
and the source-drain levels arising as a result of distortion 
of the underlying plastic substrate during processing is 
eliminated. 

At this point the wafers are annealed in air at 150°C for 3 
hours to improve the TFT device performance and contact 
resistance values. Although above the maximum polyester 
softening temperature, this anneal does not noticeably 
change the flexibility of the plastic. Also, since all of the 
photolithography steps are completed at this point, there 
are no concerns about subsequent mask misalignments 
from changes in the plastic. 

SHEET 

Fig. 5. Histogram of silicon sheet resistance values on a 4 
inch diameter polyester wafer. The silicon has been doped 
by depositing a thin layer of phosphorous using room 
temperature PF5 PECVD followed by a laser drive-in step. 
The gaussian fit to the data is centered at 700 S2/Q.Q/Ö. 

308nm XeCI Excimer Laser 
>':»;=:;,:;. ■/.-■..- • •.•itfsi .:■.■>;:>■- ..' nc-'~- 

Si02 

polyester (a) 

Al 

m 
SiO; 

Si02 

(b) 

Fig. 4(a)-(d). Schematic cross-sections of LLNL's 
TFT on polyester or glass process. The laser steps 
are shown in (a) silicon crystallization and (c) 
doping. 

4.    Laser doping results 

In Fig. 5 we show a plot of the sheet resistance (RSHEET) 

values obtained across a 4 inch diameter polyester wafer 
that has been subjected to the laser doping process. 
Parametric test structures are measured across the entire 
wafer allowing the determination of doping uniformity. 
As seen in the figure, the majority of the data fall in the 
range from RSHEET = 400-1100 £!/□, with the distribution 
centered at -700 fi/Q. A tighter distribution, centered at 
even lower values, is obtained by increasing the laser 
fluence (i.e., melting deeper into the film) and/or the 
number of laser pulses. 

Similar data is obtained for both the Al-gate to Al- 
interconnect specific contact resistance Rc.sp, and the 
doped silicon to Al interconnect contact resistance. For 
the Al to Al, the Rc.sp values typically are 3xl0"6 Q-cm"2, 
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while for n-Si-Al Rc.sp is 5xl0"6 Q-cm"2. We point out that 
these low values are obtained without the benefit of a 
contact sintering step (typically ~450°C), a direct result of 
using polyester for the substrate material. The sheet 
resistances found for the higher temperature processes are 
similar. 

5.    Thin film transistors: low temperature process 

As discussed previously, all TFTs fabricated on polyester 
substrates utilized sputtered, non-hydrogenated a-Si films 
deposited at room temperature as the starting material. 
TFTs fabricated using the previously described process 
exhibit good transistor behavior, with ION/IOFF current 
ratios exceeding 5xl05 and mobilities greater than 50 
cm2/V-sec. as shown in Fig. 6 and 7 for a TFT with a 
W/L=100/50 jitm gate geometry. We have successfully 
fabricated TFTs with geometries down to W/L=10/1.5 fim 
with similar results (W = gate width, L = gate length). 
I0N/I0FF ratios of this magnitude are sufficient for small 
display applications, and mobilities of this magnitude are 
sufficient to make TFTs for driver circuitry directly on the 
polyester. Reducing the thickness of the silicon layer to 50 
nm or below would lead to a reduction in the leakage 
current (I0FF) of laser crystallized TFTs, while 
simultaneously making it easier to attain even higher 
mobilities [13].   We have recently obtained mobilities as 

followed by gate oxide deposition for improving the 
silicon/oxide interface, and ii) dopant layer deposition 
followed by laser drive-in for making low sheet 
resistance source-drain regions. 

V^ (Volts) 

Fig. 6: IDS VS. VG for a W/L=100/50 ßm TFT fabricated at 
100°C on a polyester substrate. The maximum mobility at 
VDS = 1.0 V is 50 cm2/V-sec, and the WIOFF ratios exceed 
5xl05. 

high as 150 cm2/V-sec. These values represent an 
improvement over previously reported results, especially 
in terms of electron mobility and the gate voltages 
necessary to turn on the TFTs [5]. The improvements are 
attributed primarily to integration of the critical processing 
steps, made possible by the cluster tool. These process 
integration   steps   are,   i)   silicon   laser   crystallization 

V^ (Volts) 

Fig. 7: IDS vs. VDS for a W/L=100/50 /zm TFT fabricated 
at 100°C on a polyester substrate. The transfer 
characteristics indicate that current crowding at the 
drain is not a problem, resulting from the low contact 
resistance provided by the laser process. 

6. Thin film transistors: medium temperature 
process 

For TFT fabrication at 350°C, both PECVD and 
sputtered deposited silicon films are used. In the 
following we discuss results obtained from PECVD films 
since we have comprehensive experimental results on 
such films. 

Differences in the TFT fabrication processes between the 
glass and plastic substrates were discussed in Sect. 1.3 
and will not be repeated. Silicon PECVD films, used for 
the medium temperature process, are deposited to a 
thickness of 42 nm at a substrate temperature of 350CC 
from SiH4. Hydrogen concentrations of < 3 at.% are 
found for these films using infrared (IR) absorption 
spectroscopy. In earlier work, we have shown that these 
films can be laser-crystallized without prior 
dehydrogenation [14]. The silicon films were 
crystallized at laser fluences above the full melt 
threshold (350 mJ/cm2 for 42 nm thick films), with a 
pulse-to-pulse overlap of 67%. Several of the films are 
then partially re-melted using a lower fluence scan (250 
mJ/cm2, 50% overlap), referred to as "full + partial melt" 
in the following figures. Selection of this melt regime is 
described elsewhere and will not be repeated in this 
paper [12]. In Fig. 8 we show IDS vs VGS (gate-sweep) 
for typical TFTs with a gate width of 10 urn and gate 
length of 10 u.m (W/L = 10/10) for both the full-melt 
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and "full + partial melt" regimes. From such curves, 
mobility, threshold voltage, subthreshold slope and I0FF are 
determined for each device. In Figs. 9 through 12 we 
show distributions of mobility, threshold voltage, 
subthreshold slope and off current for the two different 
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Fig. 8: Transfer characteristics of W/L= 10/10 TFTs made by full 
melt (solid line) and full+partial melt ELC (dashed line). The 
dotted line shows the highest mobility TFT. 
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Fig. 9: Histogram of mobility for W/L = 20/40 TFTs 
measured at VDS of 5 V. A total of 120 devices were 
measured. 

melt processes measured for several wafers. 

CZH full melt 
1—1 full+partial melt 

Threshold Voltage (V) 
Fig. 10: Histogram of threshold voltage for W/L 
measured at a VDS of 5 V 

A total of 60 sets of devices out of 75 on two wafers 
were measured. 

Upon examining Fig. 9, we see that the mobility for the 
"full + partial melt" TFTs results in an average mobility 
which is more than twice that of the film not receiving 
the second laser melt step, while the distribution is only 
slightly affected. For the full melt case, the medium 
mobilty is u„ = 48 cm2/V s with a FWHM of 18 cm2/V s 
and for the full + partial melt case they are 141 and 24 
cm2/V s, respectively. This increase is a direct result of 
the increase in grain size in the near surface region for 
the full + partial melt, coupled with only a slight increase 
in surface roughness above the full melt regime [12]. 

In Figs. 10 and 11 we plot threshold voltage and 
subthreshold slope (the slope of IDS vs VG at turn on) for 
the full and "full + partial melt" cases. In both cases we 
see significant improvement for the full + partial melt 
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Fig. 11: Histogram of subthreshold slope for the W/L = 20/40 
TFTs measured at a VDS of 5 V. A total of 120 devices were 
measured. 

case, with respect to the full melt case. The full-melt 
threshold and subthreshold slope of 3.5 V and 0.87 
V/dec. improve to 1.1 V and 0.7 V/dec, respectively. 
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Fig. 12: Histogram of off current for W/L = 20/40 TFTs 
measured at a VDS of 5 V. A total of 120 devices were 
measured. 
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In contrast to the improvement seen for the mobility and 
threshold, the off currents for the devices does not improve 
for the "partial + full melt case" as seen in Fig. 12. For this 
parameter, a measure of how well the device turns off a 
median value of 0.5 pA per urn of gate width for the full 
melt case, and 5 pA per urn for the "full + partial melt 
case" are found. It is speculated that this increase is due to 
the slight increase in the surface roughness seen for the 
latter [12]. 

7. Summary 

The use of pulsed excimer laser processes for the 
crystallization of amorphous deposited silicon will be an 
enabling technology for development of electronics on low 
temperature substrates such as low cost glass and plastics. 
Fabrication of TFTs using laser crystallization and 
doping/annealing capable of driving OLED type displays 
has been demonstrated. Continued improvement in the 
distribution of important device parameters such as 
mobility, threshold voltage, and subthreshold slope will 
result in laser processing being used for active matrix 
backplanes, and on-board control and drive electronics. 
Development of laser doping and annealing insures low on 
device resistance values insuring switching speeds capable 
of video rates. 
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Pulsed laser nitridation of InP 
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Nitridation of semiconductor surfaces is attractive for passivation as well as fabrication of new 
materials. Nitridation of the III-V semiconductors has been mainly reported for GaAs. In this paper, 
we demonstrate the surface nitridation of InP by KrF excimer laser irradiation in an NH3 ambient. 
The laser fluence was fixed at 80 mJ/cm2 and number of pulses was changed from 500 to 10000. 
X-ray photoelectron spectroscopy (XPS) analysis of the nitrided samples reveals that the InP surface 
contains both InN* and PNy compounds. Nitrogen content increases with the increase of number of 
pulses. Near-stoichiometric InN and P3N5 are formed by the 2500-pulse irradiation. Aging test 
reveals that the nitrided samples show anti-oxidation property, which is improved as the number of 
pulses increases. 

Keywords: nitridation, excimer laser processing, InP, XPS, AFM 

1. Introduction 

Surface passivation or protection of semiconductor 
materials from oxidation is a very important issue for 
realizing high performance solid-state devices [1,2]. Since 
oxides on InP deteriorate electrical performance, (NH^S* 
treatment, anodic oxidation or A1203 films have been 
applied for surface protection and stabilization. There are 
few reports on nitridation of InP [3] and intensive study is 
needed to determine chemical bonding state of nitrided 
surface of InP. In this paper, we demonstrate the nitridation 
of InP by KrF excimer laser irradiation in an NH3 ambient. 
We investigate chemical properties and the stability of 
laser-formed InN* films. 

2. Experiments 

High quality (001) InP wafers were irradiated with a KrF 
excimer laser (248 nm, 1 Hz, 80 mJ/cm2) in an NH3 ambient 
(760 Torr). Prior to the irradiation, samples were etched in 
a mixture of HC1 (35% water solution), HF (49% water 
solution), and H20 (1:1:4) for 3 min at room temperature, 
which was followed by deionized water rinsing. Morphology 
of laser-irradiated samples was investigated with an atomic 
force microscope (AFM). The surface chemistry of both 
non-irradiated and laser irradiated samples was investigated 
with an x-ray photoelectron spectroscopy (XPS). 

3. Results and Discussion 

3.1 Surface morphology 
Figure 1 shows the surface morphology of an InP wafer 

before irradiation (a), and following irradiation with «=500 
(b), «=1000 (c), «=2500 (d), «=5000 (e) and «=10000 (f) 
pulses. It can be seen that up to «=5000 the irradiated 
samples have a smooth surface described by the average 
roughness, Ra, equal to about 1 nm. This compares to Ra = 
0.3 nm for the surface of a non-irradiated sample. Some 
obvious surface roughening is observed for the sample 
irradiated with 10000 pulses. 

3.2 XPS analysis 
The XPS peak assignment was based on the available 

literature data [4-6]. After the chemical treatment of InP, 
the removal of native oxides was confirmed by extinction of 
peaks at 445.35 eV and 445.9 eV, ln203 and InP04, 
respectively, which was observed in the Iriid scan. Also, 
the removal of InP04 was confirmed by the extinction of 
peaks at 133.5 eV and 134.5 eV in the P2p scan. 

Figures 2 and 3 show the In3<i and P2p XPS spectra, 
respectively, of samples irradiated with (i) «=500, (ii) 
«=1000 and (iii) «=2500. In Fig. 2, the peak around 446 
eV corresponds to the In-N bonding. With the increase of 
n, the InN* peak intensity increases, and the peak position 
shifts toward the higher energy side. Therefore, the content 
of nitrogen (x) is increasing with the increasing number of 
laser pulses.    Near-stoichiometric InN is thought to be 

80 
First International Symposium on Laser Precision Microfabrication, Isamu Miyamoto, Koji Sugioka, 

Thomas W. Sigmon, Editors, Proceedings of SPIE Vol. 4088 (2000) © 2000 SPIE • 0277-786X/00/$15.00 



formed at «=2500. Similarly, there are two peaks around 
133.4-134.1 eV, which correspond to the spin orbital 
splitting of the P-N bonding (Fig. 3). As n is increased the 
peak corresponding to the P-N bonding also increases. At 
n= 2500, a near stoichiometric P3N5 is thought to be formed. 

(a)n=0 (b)n=500 

XL/ 
(c) n=1000 (d)n=2500 

T >''.^^ü*5fe*5raS*!''.-;,;%' I 

(e) n=5000 (f)n=10000 

Fig. 1. AFM images of sample surface. The number of irradiating 
pulses (n) is indicated at the bottom of each image. Scanning 
region is 20X20 jum (horizontal ) and the vertical range is 100 
nm/div. 
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Fig. 2. lißd XPS spectra variation with the number of pulses. 
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Fig. 3. P2/7 XPS spectra variation with the number of pulses. 
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Fig. 4. XPS spectra of InP samples aged for 22 days: (a) laid XPS 
spectra; (b) V2p XPS spectra. 
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3.3 Room temperature aging 
The nitrided samples were aged for 22 days at room 

temperature in an atmospheric environment. Figure 4(a) 
and (b) show the ln3d and ?2p XPS spectra of aged sample 
surface. The n are (i) 0 (non-irradiated), (ii) 500, (iii) 1000 
and (iv) 2500. From Fig. 4(a) and (b), it can be seen that 
the nitridation suppresses the formation of oxides. This 
effect is most obvious for the sample irradiated with 2500 
pulses. 

3.4 Heat-treatment at 200*0 
The annealing of nitrided samples was carried out up to 

90 hours at 200°C in an air atmosphere. This experiment 
was investigated for a fresh sample etched in a HC1:HF:H20 
solution and a sample that was irradiated with 2500 pulses. 
Figure 5(a) shows the In3rf XPS spectra of an non-irradiated 
sample, as a function of the aging time. The ln3d spectra 
of a nitrided sample are shown in Fig. 5(b). It can be seen 
that the intensity of ln203 and InP04 peaks increases with 
the annealing time. A comparison between Fig. 5(a) and 
(b) shows that the oxidation process of the nitrided sample 
has been significantly slowed down. 
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Fig. 6. XPS spectra of a heat-treated samples: (a) ?2p XPS spectra 
without nitridation ; (b) P2p XPS spectra with nitridation. 
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Fig. 5. In3rfXPS spectra of heat-treated samples without nitridation 
(a), and following a 2500-pulse nitridation (b). 
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Similarly, Fig. 6(a) and (b) show the P2p XPS spectra 
obtained for (a) non-irradiated and (b) irradiated samples, 
respectively. The dependence of ln203 and InP04 integrated 
peak intensities obtained from the hßd scan is shown in Fig. 
7. The integrated intensities of oxides sharply increase and 
saturate for longer annealing time. This result clearly 
indicates that the laser-induced nitridation of InP leads to a 
significant suppression of oxide formation at the surface of 
this material. 

4. Conclusions 

The nitridation of InP surface has been demonstrated with 
KrF excimer laser irradiation in NH3. The XPS spectral 
analysis shows that the nitrogen content in the surface layer 
increases with the number of irradiated pulses. Near- 
stoichiometric InN and P3N5 are formed at the surface 
following the irradiation with 2500 pulses. An InN* layer 
fabricated at the surface of InP significantly suppresses the 
oxidation of InP surface exposed to the air at 2001. 
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Ultra-Short pulsed lasers are highly useful tools in the field of microfabrication. In microfabrica- 
tion, the laser pulse usually is very short in the pico-second or subpico-second range; therefore, it is 
very difficult to observe the transient material processing phenomena experimentally. Over the years, 
the authors have conducted molecular dynamics (MD) simulation to study the ablation process with ul- 
tra-short pulsed laser irradiation. The MD method has been modified to simulate the laser ablation of 
metals by updating heat conduction effect by free electrons at each calculation time step. In this paper, 
a review of the modified MD simulations on ablation and shock phenomena for metal with pico- 
second laser irradiation is presented. 
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1. Introduction 

When ultrafast laser is irradiated to the material surface, 
the vicinity of the surface is melted and evaporated almost 
instantaneously. Evaporation particles are scattered and 
deposition is generated around the hole. On the other hand, 
shock wave propagates in the material and lattice defects, 
such as dislocations and vacancies are generated. Figure 1 
shows a schematic sketch of laser ablation and shock phe- 
nomena. 

Femtosecond pulse laser was developed in 1981 by Fork 
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Fig. 1 Schematic sketch of laser ablation and shock phe- 

nomena. 

et al. [1] and experimental studies on ultrafast laser ablation 
were started in about 1985, and many papers have been pub- 
lished especially from 1995. Downer et al. [2] obtained 
photographic images having 100 fs time resolution of a sili- 
con (Si) surface undergoing melting and evaporation follow- 
ing intense excitation by an 80 fs laser pulse. Pronko et al. 
[3] studied the threshold fluence of ablation in gold (Au) as 
a function of pulse width from 10 ns to 100 fs. Stuart et al. 
[4] measured the pulse-width dependence of damage thresh- 
old for homogeneous and multiplayer dielectrics and gold- 
coated optics at 1053 and 526 nm for pulse durations rang- 
ing from 140 fs to 1 ns. Simon and Ihlemann [5] studied the 
ablation of submicron structures on copper (Cu) and Si by 
short ultraviolet laser pulses (0.5-50 ps, 248 nm). Momma 
et al. [6] investigated ablation of steel and Cu plates with 
thickness of 100 urn to 1 mm by Ti: sapphire laser irradiation 
of 0.2 to 5000 ps pulses in the intensity range of 109 to 5 X 
1016 W/cm2. Rosenfeld et al. [7] measured the timescale for 
the removal of four dielectric materials (a-Si02, c-Si02. c- 
A1203, c-MgO) from surface irradiated by 120 fs laser with a 
pulse energy of ca. 50 uJ. Shirk and Molian [8] compared 
ablation of diamond and C VD diamond with fs-laser and ns- 
lasers, and studied surface structure with Raman spectros- 
copy and the relationship between depth per pulse and flu- 
ence. 

On the other hand, Ohmura and Fukumoto started mo- 
lecular dynamics (MD) simulation of laser ablation in 1993. 
Their first paper [9] was published in 1994. Laser shock 
phenomena were reported for the first time in 1995 [10]. In 
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1997, Ohmura and Fukumoto [11] developed a new MD 
method for metal, in which heat conduction by free electron 
is compensated at every time step of MD calculation. This 
method was named the modified molecular dynamics. And 
in 1998, three-dimensional MD simulation for Si was pre- 
sented [12]. 

In this paper, we present a review of the modified MD 
simulations on ablation and shock phenomena for metal 
with ps-laser irradiation [13-16]. 

2. Evaporation process 

In the simulation of ablation, 400 aluminum (Al) atoms 
per layer and 400 layers in depth, totaling 160,000 atoms 
were arranged in a square configuration. Snapshots of abla- 
tion process caused by laser irradiation of the fourth har- 
monics of Nd:YAG laser with Gaussian beam whose diame- 
ter is about 28 nm are shown in Fig. 2, where the average of 
power density and irradiation time are 5 GW/cm and 6 ps, 
respectively. The beam diameter is defined here at which 
the intensity diminishes from its central value by a factor of 

e2 which is shown by doted lines in these figures. Abso- 
lute value of moved distance of atoms from the initial array 
in the horizontal direction is shown by a gray scale. 

In Fig. 2, the surface rises due to thermal expansion in- 

duced by the laser irradiation at first and many small voids 
are generated in the liquid phase (see Fig. 2 (a)). Then they 
become larger and larger, and adjacent voids combine each 
other, which develop into a relatively lager void (Fig. 2 (b)). 
Finally, the vicinity of surface ejects forming into a rela- 
tively large cluster (Figs. 2 (c) to (e)). Then, molten metal 
becomes spherical by surface tension and deposits around 
the hole (Fig. 2 (f)). Consequently, circumference of the 
hole rises higher. Slip planes are generated in the solid 
phase in the vicinity of surface. 

Through these simulations, it was found that there are 
two types in ablation process, as shown in Fig. 3. One is 
explosive ablation (Fig. 3(a)) and the other is relatively calm 
ablation (Fig. 3(b)). Explosive ablation occurs when the 
pulse width is very short. Relatively calm ablation occurs 
when the pulse width is longer. Pulse width 10 ps is a 
guidepost of these difference. The photographs of evapora- 
tion of Cu with 5 and 50 ps laser irradiations taken by 
Simon et al. [5] are in good agreement with our results. 

3. Evaporation particles 

The velocity, size and energy of evaporation particles 
caused by laser irradiation of uniform intensity distribution 
were investigated.   In this simulation, totaling 160,000 Al 
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Fig. 2 Ablation process of Al (power density 5 GW/cm , pulse width 6 ps) 
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(a) Explosive evaporation (P = 10 GW/cm2, T = 3 
ps, time 15 ps) 

(b) Calm evaplration (P = 1 GW/cm*, T = 30 ps, 
time 30 ps) 
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Fig. 3 Two kinds in ablation process of Al with Gaussian beam (fluence 30 mJ/cm2) 
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Fig. 4 Relationship between particle velocity and parti- 
cle diameter Cfluence 50 mJ/cm21 

atoms were also arranged in a square configuration. 
Figure 4 shows the relationship between particle velocity 

in the vertical direction and particle diameter for constant 
fluence (F = 50 mJ/cm2). Closed circle shows the particle 
velocity and open circle shows the average velocity of each 
particle size. The diameter of most particles is less than 1 
nm. And the particle velocity is several kilometers per sec- 
ond. As the power density is high, the velocity of evapo- 
rated particles becomes relatively large. The influence of 
power density on the average velocity of the relatively small 
particles whose size is not more than 1 nm is small, compar- 
ing with large particles. Because, small particles are easy to 
receive the influence of particle collision. Actually, much 
particles of smaller size come back to the substrate after 
evaporation, whose velocity is negative. 

An example of the velocity distribution of evaporation 
atoms relating with the height from the initial surface is 
shown in Fig. 5.  Velocity increase until the time 10 ps of 
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Fig. 5 Velocity distribution of evaporation atoms (P = 5 
GW/cm2, r=10ps) 
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Fig. 6 Relationship between number of evaporated atoms 
and power density (fluence 50 mJ/cm2) 

pulse end due to the laser absorption, but does not change 
remarkably after then and particles fly almost constant ve- 
locity. The average velocity of particles is proportional to 
the height from the surface, because particles with higher 
velocity fly to the higher level. 

When the fluence is constant, relationship of the number 
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Fig. 7 Relationship between number of evaporated atoms 
and fluence 

of evaporated atoms and power density is shown in Fig. 6. 
We can see that there is an optimal irradiance of the laser 
pulse to evaporate a unit of atoms, that is power density P0 

and pulse width r0. 
The relationship between number of evaporated atoms 

and fluence is shown in Fig. 7. When the power density is 
constant, number of evaporated atoms is almost proportional 
to the fluence, that is irradiation time. Strictly speaking, 
when the irradiation time is too long, interaction between 
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Fig. 8 Stress state of Al atoms (left of each figures) which is shown by a gray scale and disarray of the atom configuration 
(power density 30 GW/cm2, pulse width 5 ps) 
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plasma and laser beam occurs, then the number of the 
evaporated atoms is not proportional to the fluence. There is 
a threshold fluence when the pulse width is very short. 
From this figure, the evaporation threshold fluence is about 
20 mJ/cm2. 
When the pulse width is very short, the evaporation thresh- 
old fluence can be estimated by a simple model as follows: 
It is assumed that laser energy is absorbed exponentially. 
For ultrafast laser, evaporation occurs after laser irradiation 
stops. Then, evaporation energy is estimated by 

p(l-e^}r = pdl, 
that is, laser energy absorbed in the evaporation depth d. 
p is density and / is latent heat of evaporation. Therefore, 

evaporation threshold fluence can be estimated by the infini- 
tesimal calculus 

F = PT- 
_pd[ k£/ 

-ud 
rf->0. 

l-e "~       n 

For Al whose absorption coefficient p. is 1.50 X 108 1/m for 
wave length 266 nm, threshold fluence is 19.4 mJ/cm2, 
which is almost equal to the result from Fig. 7. 

4. Shock phenomena 

In the simulation of shock phenomena, 60 Al atoms per 
layer and 400 layers in depth, totaling 24,000 atoms were 
arranged in a square configuration. The stress state of Al 
atoms and the atomic configuration are shown in Fig. 8 
every 1 ps from 5 ps to 10 ps, when power density is 30 

GW/cm2 and pulse width is 5 ps. The each left figure in Fig. 
8 (a)-(f) shows the force acting on an atom in the depth di- 
rection which is shown by the gray scale. The each right 
figure shows the disarray of atomic configuration, that is, 
generation and movement of dislocations. Dislocations or 
nucleation of dislocations are represented by black dots and 
slip planes are shown by gray lines. We can see a shock 
wave propagating in the material from the each left figure. 
The propagation velocity of shock wave is equal to the ve- 
locity of elastic wave 

Figure 9 shows the enlargement of the area from depth 
50 nm to 70 nm in Fig. 8. Triangle shows the position of the 
peak intensity of the shock wave. According to the propaga- 
tion of shock wave, dislocations are generated and moved in 
the depth direction. Dislocations moves instantaneously 
with the velocity of longitudinal wave, when the shock wave 
propagates. But the usual velocity of dislocation is less than 
the velocity of transverse wave as well known in the dislo- 
cation theory. 
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Study of Optical Emission of Plasmas in Ultraviolet and Infrared 
Laser Ablation of Graphite by Time-resolved Spectroscopy 
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The optical emission spectra of the plasma produced by infrared and ultraviolet laser ablation of 
graphite in a vacuum were observed. The fundamental output of an Nd: YAG laser was used as 
the infrared laser. The fourth harmonic output of an Nd: YAG laser and a KrF excimer laser were 
used as the ultraviolet lasers. The emission intensity of the ionic carbon as well as C, and C3 from 
the plasma produced by the infrared laser were stronger than that produced by the UV lasers at the 
same fluences. The C2 and C3 emission intensities decreased rapidly with increasing the distance 
from the target. The emission intensity of atomic carbon at 247.8 nm from the plasma produced 
by the KrF excimer laser was much stronger than that produced by the other lasers at the same 
laser fluence, due to the wavelength of the KrF laser being so close to that of atomic carbon's 
emission line as to raise its electrical state. 

Keywords: laser ablation, graphite, carbon plasma, time-resolved spectroscopy, Nd: YAG laser, 
KrF excimer laser 

1. Introduction 
Pulsed laser deposition (PLD) is one of the techniques for 

synthesizing thin films of sp3 bonded materials such as 
CNx1S) and diamond-like carbon (DLC).613> In order to 
increase the fraction of the sp3 bonding in the DLC, UV 
lasers such as a fourth order harmonic output from an Nd: 
YAG laser, a KrF excimer laser and an ArF excimer laser 
were used.6"9'12) The fraction of sp3 bonding of the DLC 
increased with increasing laser fluence.9) This is because 
the C+ with high kinetic energy in the carbon plume 
contributes to the sp3 bonding.9, n) More high kinetic 
energy C+ is produced by the UV lasers than by the IR and 
visible lasers at the same fluences. Clusters such as C2 

species do not contribute to the sp3 bonding of the DLC. 
The fraction of the cluster increases with increasing laser 
wavelength.14' 

Influence of the character of the DLC or other films on 
the laser wavelength was investigated by many researchers.9 

14) For synthesizing the films by PLD, it is very important 
to diagnose the ablation plume. There are a lot of 
diagnostic techniques.15' However, influence of the carbon 
plume on the laser wavelength was mainly investigated by a 
time-of-flight mass spectrometry.16- I7) By a TOFMS, 
cluster size and velocity distribution can be measured. 
However, the time- and spatially-variation of the electronic 

states of the ionic and atomic carbon and clusters can not be 
investigated by a TOFMS. They can be investigated by 
time- and spatially-resolved optical emission 
spectroscopy.12131 However, influence of the character of 
the carbon plume on the laser wavelength was not 
investigate. 

In this study, the graphite was ablated by the KrF excimer 
laser (248 nm) and the Nd: YAG laser (266 nm and 1064 
nm) to produce carbon plumes. We investigated the 
dependence of the species, the velocity and the electronic 
states of the atomic and ionic carbon in the plume on the 
laser wavelength and fluence by time-resolved spectroscopy. 

2.Experiment 
Figure 1 shows the experimental setup. A Q-switched 

Nd: YAG laser (Spectra Physics, GCR-170) and a KrF 
excimer laser (MPB, AQX-150) were used. The 
wavelengths of the Nd: YAG laser were set at 266 and 1064 
nm, and output energy at 80 mJ and 140 mJ, respectively. 
The pulse widths were 20 ns and 5ns, respectively. The 
wavelength of the KrF excimer laser was 248 nm. The 
energy was set at 100 mJ and the pulse width was 18 ns. 
The repetition rates of these lasers were set at 10 Hz. 
Highly oriented pyrolytic graphite (TOYO TANSO, 99.99% 
purity) was inserted into a chamber, which was evacuated to 

90 
First International Symposium on Laser Precision Microfabrication, Isamu Miyamoto, Koji Sugioka, 

Thomas W. Sigmon, Editors, Proceedings of SPIE Vol. 4088 (2000) ©2000 SPIE • 0277-786X/00/$15.00 



less than 5xl0~7 Torr. The laser was focused on the 
graphite target surface through a 250-mm-focal length lens 
with an incident angle of 45°. The laser fluence was 
controlled by varying the beam spot size on the graphite 
target. The emission from the carbon plume was imaged 
on the entrance slit of a 0.25-meter spectrometer by a 150- 
mm-focal length lens. The width of the entrance slit was 
set at 50 ^m. Spatial resolution along the target normal 
was better than 30 ^.m. The spectrometer with a gated 
1024-chanel intensified charged-coupled device (ICCD) was 
used. The ICCD had an 8-ns resolution to resolve the 
temporal variations of the plume spectra. The spectrometer 
was equipped with 150 and 1200 lines/mm gratings blazed 
at 300 nm and 250 nm, respectively. Spectral resolution 
with 1500 and 120 lines/mm grating was more than 0.3 and 
2 nm, respectively. The plume was observed at various 
distances from the target surface. All spectra were 
accumulated over 20 consecutive laser shots. 

Laser. 

Lens 

ICCD 

Vacuum Chamber 
5 xlO"7 Ton- 

Fig. 1    Schematic diagram of Experimental setup 

A signal from the power supply of the Nd: YAG laser was 
sent as a trigger to a digital delay generator. The signal 
produced by the delay generator, which was given a suitable 
delay, was then sent as a trigger to the gate pulse unit of the 
ICCD. In order to set the timing of the gate pulse of the 
ICCD, the laser waveform was observed using a photodiode 
detector. The signal from the gate pulse unit was also 
observed with a digital oscilloscope. 

With the KrF excimer laser, the digital trigger generator 
gave a laser trigger signal and also the trigger signal for the 
gate pulse unit, which was suitably delayed from the laser 
pulse. The time of irradiating the graphite by the laser was 
defined as 0. 

3. Results 
In order to investigate the dependence of the spectra from 

the carbon plume on the wavelengths of the ablation lasers, 
the 1064-nm, 266-nm and 248-nm lasers irradiated the 
graphite target at the same fluences of 6 J/cm2. Figure 2 
shows the carbon plume emission spectra produced by the 
1064-nm, 266-nm and 248-nm lasers at a distance of 2 mm. 
C2 and C3 emission intensity under the irradiation of the 
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Fig. 2 Carbon plume emission spectra produced by (a, b 
and c) the 248-nm laser, (d, e and f) the 266-nm laser and (g, 
h and i) the 1064-nm laser at a distance of 2 mm from the 
target surface: the spectra were taken at (a, d and g) 50, (b, e 
and h) 100 and (c, f and i) 500 ns after the onset of the laser 
pulse.   The laser fluences were set at 6 J/cm2. 

1064-nm laser was much stronger than that of the 266-nm 
and 248-nm lasers. The emission intensity from the ionic 
carbon was also strong. The C (247.9 nm and 193.1 nm) 
emission intensities under the irradiation of 248-nm laser 
were stronger than those of the other lasers. 

We investigated the dependence of the spectra from the 
carbon plume on the wavelengths of the lasers when the 
fluences were increased. Beam quality of the 248-nm laser 
is not as good as that of the other lasers and the 248-nm laser 
beam can not be focused very small. Therefore, the fluence 
of the 248-nm laser was limited 16 J/cm2. The optical 
emission spectrum from the carbon plumes produced by the 
248-nm, 266-nm and 1064-nm lasers at a fluence of about 
15 J/cm2 was observed. At a fluence of 6 J/cm2, C\ C, C2 

and C3 emissions could be observed. However, at a fluence 
of 15 J/cm2 C2 and C3 emissions could not be observed. C, 
C+ and C2+ emissions could be observed. The strongest C+ 

emission was obtained at 426.7 nm (4f2F° y 3d2D) by the IR 
and UV lasers. C+ emissions at 392.1 nm (3p2P° y 3d2D) 
and 283.8 nm (2p2S y 3p2P°) were also strong. The 
strongest C2+ emission was obtained at 229.8 nm (2p1P° y 
2p]D) with the IR and UV lasers. C2+ emissions at 216.4 
nm (3d'D y 4f1P°) and 465.0 nm (3s3S y 3p3P°) were also 
strong. At fluences of about 15 J/cm2, the C (247.9 and 
193.1 nm) emissions under the irradiation of the 248-nm 
laser were as strong as those of the 266-nm and 1064-nm 
lasers. 

The temporal variations of the emission intensity of C 
(283.8 nm), which contributes to sp3 bonding, at the various 
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Fig. 3 Temporal variations for C+ at a distance of 0, 2, 4, 6 and 
8 mm from the target surface (a) The 248-nm laser was used 
at a fluence of 16 J/cm2. (b) The 266-nm laser was used at a 
fluence of 14 J/cm2. (c) The 1064-nm laser was used at a 
fluence of 19 J/cm2. 

distances from the target are shown in Fig. 3. Near the 
target surface, the observed emission area was only half as 
large as at the other points. (Data not shown in Fig. 3) At 
a distance of 8 mm from the target, the emission intensity 
was less than 10% of that near the target. Usually, the 
distance between the target and the substrate under the PLD 
condition is much longer than 8 mm. Therefore, the most 
excited ionic and atomic carbon relax to their ground states 
before deposition. 

Table. 1 Most probable velocity of C* produced by various 
lasers. 

Laser Fluence 
(J/cm2) 

Velocity 
HO4 m/s) 

Nd: YAG 
(1064 nm) 125 4.0 

19 3.8 
Nd: YAG 
(266 nm) 30 6.2 

14 6.7 
KrF excimer 
(248 nm) 16 8.6 

The most probable C+ velocities derived by the temporal 
variations of the emission intensity are shown in Table 1. 
The C+ velocity is highly dependent upon the laser 
wavelength and slightly dependent on the fluence.    The C+ 

velocity produced by the 248-nm laser at a fluence of 16 
J/cm2 was twice as fast as that by the 1064-nm laser at a 
fluence of 125 J/cm2. 

4. Discussion 
Laser wavelength has various influences on the character 

of the carbon plume: e.g. species, velocity, temperature and 
electrical state. 

Firstly, the laser penetration depth of the graphite depends 
on the laser wavelength. The absorption coefficient of the 
graphite increases with decreasing laser wavelength. That 
is, the penetration depth using the IR laser is deeper than that 
using UV laser. Therefore, the amount of graphite removed 
increases and the initial temperature of the plume decreases 
with increasing laser wavelength. The plume velocity 
depends on the initial plume temperature.15' Therefore, the 
velocity decreases with increasing laser wavelength. 

Secondly, the absorption coefficient of the laser by the 
carbon plume depends on the laser wavelength. After 
producing the plume the laser is absorbed by the plume 
because a nanosecond laser pulse width is longer than the 
time required to produce the plume. The laser is mainly 
absorbed by the plume due to inverse-Bremsstrahlung. The 
absorption coefficient depends strongly upon the laser 
wavelength.15' For any given plume condition, the 
coefficient is proportional to the third power of the laser 
wavelength. Therefore, the plume temperature increased 
and the ionization progressed using the 1064-nm laser in 
spite of the low initial plume temperature. Moreover, the 
pulse width of the 1064-nm laser was 20 ns, which is four 
times as long as that of the 266-nm laser. The latter part of 
the laser pulse was absorbed. Although ionic carbon 
contributes to sp3 bonding, the most probable velocity of C+ 

is slow with the 1064-nm laser. Therefore, it is difficult to 
obtain the high fraction sp3-bonded DLC produced by the 
1064-nm laser. 

Lastly, there is a special case, when the laser wavelength 
coincides with the electronic transitions of the atomic or 
ionic carbon.7' In this case, one species in the carbon 
particularly absorbs the laser light. If the atomic carbon 
transition is coincident with a laser wavelength, the carbon 
will be ionized or the concentration of only one electrical 
level will increase. A 248-nm (KrF excimer) laser and a 
193-nm (ArF excimer) laser satisfy this condition. The 
wavelength of the 193 nm is very close to the transition of 
3s'P" Y 2p21D (193.1 nm). The wavelength of the 248-nm 
laser is very close to the transition of Ss'P" y 2p21S (247.9 
nm). Therefore, the concentration of 3s'P" was high and 
the emission intensity of transitions of 3s!P° y 2p21D and 
2p21S was strong at a fluence of 6 J/cm2. An Nd: YAG laser 
(1064, 532, 355 and 266 nm) does not satisfy this condition. 
In our experiment, the 247.9-nm and 193.1-nm emission 
intensities were strong when using the 248-nm laser.    At a 
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fluence of 17 J/cm2, however, this emission intensity became 
lower than that at a fluence of 6 J/cm2 because the atomic 
carbon was excited to the upper level and ionized. 
Although difference in wavelength between the 248-nm 
laser and the 266-nm laser is small, the 248-nm laser is 
superior to 266-nm laser for synthesizing the DLC film. 

5. Summary 
We investigated the influence of the wavelength on the 

laser ablation of graphite by means of observing the 
emission spectra of the carbon plume. The 1064-nm, 266- 
nm and 248-nm lasers were used. When using the 1064- 
nm laser, not only the emission from C2 but also that from 
the ionic carbon became strong, due to the carbon plume 
absorbing the laser light by inverse-Bremstrahlung 
absorption.   Therefore, the atomic carbon was ionized. 

In PLD, the distance between target and substrate is so 
long as to relax to ground state most of the atomic and ionic 
carbon. In order to excite the electric state for sp3 bonding, 
collision with the substrate is necessary. The C+ velocity is 
important for sp3 bonding. The C velocity decreased with 
increasing laser wavelength at the same fluence. The 
velocity increased slightly with increasing laser fluence. 
The wavelengths of the 248-nm laser and the Ss'P" y 2p21S 
transition of the atomic carbon (247.9 nm) are very close. 
Therefore, the emission intensity from the 3s1?0 y 2p21S and 
2p21D transition was strong at a fluence of 6 J/cm2. 
Moreover, the ionization was progressed. Therefore, the 
248-nm laser is most suitable for synthesizing the DLC 
among three lasers (248 nm, 266 nm and 1064nm). 
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Effects of irradiating number of pulses of Nd:YAG laser in laser ablation of metals in air have been 
studied by both photoacoustic and fast-imaging techniques. Photoacoustic detection technique using 
piezoelectric polymer film revealed the change of coupling among laser radiation, ablated matter, 
plasma and the target as a function of the laser fluence. Nanosecond imaging technique, where the 
second harmonic radiation from the same laser was used as illuminating light pulse, showed surface 
phenomena during and immediately after the ablating laser pulse. Photoacoustic signal intensity as a 
function of laser fluence was measured at constant pulse energy. It was constant at low fluence, 
started to increase with fluence at certain threshold, reached a peak and then decreased gradually with 
increasing fluence. Shapes of the functions were similar but the threshold fluence and the fluence at 
the peak increased with irradiating pulse number. Imaging observation revealed that a surface layer 
and/or adsorbed contaminants was ablated by initial few pulses and that material ablation occurred at 
higher fluence than the surface layer. Ablation of the surface layer caused shock wave and terminated 
less than 10 pulses while aluminum ablation was accompanied with bright plume and shock wave and 
affected only slightly by preceding pulses. 

Keywords: Laser ablation, Photoacoustic signal, Imaging, Laser pulse number, Surface 
layer 

1. Introduction 

Laser ablation process has been applied in precision 
micromachining of metals, polymers and ceramics. These 
machining are usually carried out in air or in gas 
environment by irradiating multiple number of pulses. 

We have studied about nanosecond Nd:YAG laser 
ablation process of metals and ceramics by both 
photoacoustic detection technique [1-4] and fast imaging 
technique with nanosecond time resolution [5,6]. 
Photoacoustic detection technique using piezoelectric 
polymer film detects acoustic wave propagates into the 
target and reveal the change of coupling among laser 
radiation, ablated matter, plasma and the target as a function 
of the laser fluence. Nanosecond imaging technique, 
where the second harmonic radiation from the same laser is 

used as illuminating light pulse, observes surface 
phenomena including laser-induced plume and surface 
change. 

In this paper, effects of irradiating number of pulses of 
Nd:YAG laser in laser ablation of aluminum target in air 
have been studied by both photoacoustic and fast-imaging 
techniques. Photoacoustic signal intensity as a function of 
laser fluence was measured at constant pulse energy, i.e., the 
fluence was varied by changing the laser spot size. It was 
constant at low fluence, started to increase with fluence at 
certain threshold, reached a peak and then decreased 
gradually with increasing fluence. Shapes of the functions 
were similar but the threshold fluence and the fluence at the 
peak increased with irradiating pulse number. Imaging 
observation revealed that a surface layer and/or adsorbed 
contaminants was ablated by initial few pulses and that 
material ablation occurred at higher fluence than the surface 
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layer. 

2. Experimental 

Detail of the experimental procedure has been given 
elsewhere [1-6] and only an outline will be described here. 

A Q-switched Nd:YAG laser with a second harmonic 
generator/separator unit was used. Pulse width of the laser 
was 8 ns (FWHM). 

Commercially available aluminum plates of 1mm thick 
were mechanically polished and used as targets. 

The fundamental light was focused onto the target by a 
plano-convex lens and hit the surface perpendicularly. 
Distance between the target and lens was varied to change 
spot size of the beam for adjusting the laser fluence while 
the pulse energy kept constant. 

2.1 Photoacoustic detection [1-4]. 
The photoacoustic method has been successfully applied 

to determine the damage thresholds caused by laser 
irradiation in some materials [7]. We have used a thin 
piezoelectric film (polyvinilydene fluoride, Kureha 
Chemical Industry Co., KF piezofilm) of 40 \aa thickness. 
A photoacoustic signal (PAS) was recorded by a digital 
oscilloscope in pre-frigger mode and then transferred to a 
personal computer for further processing. 

2.2 Nanosecond time-resolved imaging [5, 6]. 
The fundamental light (1064nm) was used as the 

ablation beam (Pump Beam) and the second harmonic light 
(532nm) was used as illuminating light (Probe Beam). The 
second harmonic light passed through optical delay lines 
was impinged to the target from a tilted direction. 

The ablation phenomenon was taken by the ICCD 
camera with a gated image intensifier, transferred to a 
personal computer and then treated by an image-processing 
program. A band pass filter of 532 nm and a ND filter 
were placed in front of the camera. The delay time was 
defined as interval between the rise of irradiated laser pulse 
detected by a photodiode and the end of the camera gate 
signal. 

The system described above was used for delay times of 
5 to 40 ns. For delay times longer than 45 ns, 532 nm light 
from another Q-switched Nd:YAG laser was used as 
illumination source and the delay time between two laser 
pulses was controlled by a digital delay generator. 

Geometry of observation is as follows: The second 
harmonic light passed through the variable optical delay line 
was expanded by a beam expander and illuminated the 
irradiated spot along the direction intersecting 60 degrees 
from the normal direction. Observation direction was at 
the opposite half plane with an angle 30 degrees from the 
normal. 

3. Results and Discussion 

3.1 Photoacoustic signal intensity 
Photoacoustic signal (PAS) intensity as a function of 

laser fluence was measured at constant pulse energy. It 
was constant at low fluence, started to increase with fluence 
at a certain threshold, reached a peak and then decreased 
gradually with increasing fluence. Figure 1 shows the PAS 
intensity as a function of laser fluence obtained for the first 
(1st) and hundredth (100th) pulse, respectively. To observe 
at lower fluence, the results obtained at pulse energy of 40 

<>100m J.I shot 
G40mJ,lshot 
X100mJ,100shots 

Fluence/J-cm"' 

Figure 1.   Photoacoustic signal intensity as a function of laser 
fluence at the first and the hundredth pulse. 

mJ and 100 mJ are shown for the first pulse. 
The results obtained for the 1st pulse irradiation showed 

smaller threshold energy fluence and reached the maximum 
at smaller fluence than those for the 100th pulse irradiation. 
The signal intensity was larger for 1 pulse than for 100 
pulses at all fluence, even though the differences became 
small at higher fluence region. 

Figure 2 shows the PAS intensity at several selected 
fluences shown in figure 1 as functions of pulse number. 
At the fluence of 1.3 Jem4, A in figure 1 where PAS for the 
1st pulse reached the maximum and that for the 100th pulse 
started to increase, the intensity rapidly decreased with pulse 
numbers less than 10 and remained a small value with 
further increase in irradiated pulse number. At the fluence 
of 3 Jem4, C in figure 1 where the PAS for 100th pulse had 
the maximum value, the initial decrease of PAS intensity 
was small and finished within 5 pulses and kept its large 
values, or showed a slight increase, after that. At higher 
fluence than C, the initial decrease of PAS intensity was 
small and ended within 5 pulses or so. 

We think this initial rapid decrease of the PAS intensity 
represents the ablation of oxides or other surface layers. 
Surface of aluminum metal in atmosphere is not metallic but 
is layers of aluminum oxides and/or hydrides with many 
adsorbed molecules. We polished the sample surface 
mechanically only a day before experiment and the samples 
were cleaned by an ultrasonic cleaner with acetone.    But 
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Figure 2.    PAS intensity at several selected fluences indicated 
in figure 1 as functions of pulse number. 

we hardly expect that the surface would be free from such 
oxides and surface contaminant layers. For pulse numbers 
more than 5 to 10 pulses, the PAS intensity remained nearly 
constant, or somewhat increased, with further increase in 
pulse number. These constant intensities should represent 
the fiuence dependence of the ablation of bulk aluminum 
metal. 

These results suggest that the ablation of the surface 
contaminant layers occur at lower fiuence than that of 
aluminum metal. Its threshold fiuence was about 0.3 Jem"2 

and most efficient at 1.3 Jem"2. The threshold of the metal 
aluminum ablation happened to be nearly the same to this 
maximum value of 1.3 Jem"2. 

Further decrease of the PAS at higher fiuence region 
might be due to the decrease in irradiated spot area, because, 
in our experiments, the pulse energy was kept constant and 
the fiuence value was adjusted by changing the irradiated 
area. Indeed, when we represented the results as specific 
PAS intensity , i.e., the intensity divided by spot area, it 
was nearly constant at fiuence higher than A or C. 

3.2 Time-resolved imaging 
We carried out the time-resolved imaging measurement 

for the 1st, 5th, 10th and 100th pulse at several fluences. 
An example of the image obtained is shown in figure 3. A 
black-and-white double line in the figure shows the front of 
expanding shock wave accompanied with laser ablation 
plume. Change of the surface at laser irradiated area is 
also seen in the figure. The results of the imaging 
observation are summarized as follows: 
(1) At low fiuence of 0.85 Jem4, an image of shock wave 

was observed for the 1st pulse but not for the 100th pulse. 
The irradiated area turned to black after the 1st pulse and 
it partly became brighter after 100th pulse. 

(2) Darkening of irradiated area was observed at all fiuence 
after the 1st pulse but it became brighter after less pulse 
number as the fiuence increased. 

Figure 3. Typical image obtained by our imaging 
measurement for aluminum target irradiated in air at the 100th 
pulse.    Delay time is 500 ns and laser fiuence is 7.5J/cm"2. 

(3) Bright image of plasma appeared partly in irradiated area 
at A of 1.3 Jem4 where spatial distribution of laser 
intensity was high. The plasma covered the whole area 
at fiuence higher than C of 3 Jem"2. 

(4) At fiuence higher than A, growth of a shock wave was 
observed at all pulse numbers but its growth speed 
depended on pulse numbers, especially at lower fiuence. 

(5) Much higher fiuence, higher than D of 7.5 Jem"2, we 
observed a jet-like plasma formation [5,6] and we saw 
little difference in time evolution of it due to pulse 
numbers. 
Figure 4 shows the plots of shock wave front height with 

time at A and D. This shock wave image represents the 
growth of laser-induced plume [5]. At A, the speed of 
shock wave was faster for the 1st pulse than that for the 
100th pulse. Lower the fiuence, the difference were larger. 
At D, there was little difference between the two cases. 
Higher fiuence than D, time evolution of the shock wave 
was unchanged with irradiated pulse numbers. 

3.3 Ablation of surface layers and bulk metal 
The result (1) suggested that selective ablation of surface 

layer occurred and no ablation of aluminum metal did at this 
low fiuence. This is in good agreement with the results of 
the PAS measurement. The other results also support our 
assumption that the initial decrease of PAS shows the 
ablation of surface layers and residual signals correspond to 
metal ablation process. 

At fiuence higher than C, there was only a little effects 
due to irradiated pulse numbers. As the fiuence becomes 
high, the contribution of ablation of surface layers becomes 
less, because enough amount of energy to ablate both the 
surface layers and the metal under them would be supplied 
by a pulse. 
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Figure 4. Plot of the height of shock wave front with time for 
the first and the hundredth pulse at üuence (a) A of 1.3 Jem"2 and 
(b) D of 7.5 Jem"2.    Target is aluminum and is irradiated in air. 

The darkening of laser irradiated area may due to photo- 
anodizing of aluminum but is not clear at present. 

The photoacoustic signal represents coupling between 
incident laser light and target material. At low light 
intensities, it corresponds to the amount of absorbed energy, 
or part of absorbed energy converted to thermal energy. At 
higher light intensity as in our case, there should be large 
contribution from reaction of the ejected mass to the PAS. 

4. Conclusion 

Effects of repetitive pulse number in laser ablation of 
aluminum have been studied by photoacoustic and imaging 
techniques. PAS intensities varied with fluence and shapes 
of the variation were similar but the threshold fluence and 
the fluence at the peak increased with irradiating pulse 
number.    Imaging observation revealed that a surface layer 

and/or adsorbed contaminants was ablated by initial few 
pulses and only a week shock wave was generated. 
Ablation of bulk material occurred at higher fluence than the 
surface layer. Aluminum ablation was accompanied with 
bright plume and shock wave and affected only slightly by 
preceding pulses. 
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Precision microfabrication of diamond has many applications in the fields of microelectronics and cutting 
tools. In this work, an ultra-short pulsed Ti: Sapphire laser was used to perform patterning, hole drilling, and 
scribing of synthetic and CVD diamonds. Scanning electron microscopy, atomic force microscopy, 
profilometry, and Raman spectroscopy were employed to characterize the microstructures. A tight-binding 
molecular dynamics (TBMD) model was used to investigate atomic movements during ablation and predict 
thresholds for ablation. The ultra-short pulsed laser generated holes and grooves that were nearly perfect 
with smooth edges, little collateral thermal damage and recast layer. The most exciting observation was the 
absence of graphite residue that always occurs in the longer-pulsed laser machining. The ablation 
threshold for ultra-short pulsed laser was two orders of magnitude lower than that of longer-pulsed laser. 
Finite-difference thermal modeling showed that ultra-short pulses raised the electron temperatures of 
diamond in excess of 100,000 K due to multiphoton absorption, absence of hydrodynamic motion, and lack 
of time for energy transfer from electrons to the lattice during the pulse duration. TBMD simulations, carried 
out on (111) and (100) diamond surfaces, revealed that ultra-short pulses peel carbon atoms layer-by-layer 
from the surface, leaving a smooth surface after ablation. However, longer pulses cause thermal melting 
resulting in graphite residue that anchors to the diamond surface following ablation. 

Keywords: femtosecond laser, diamond, micromachining, molecular dynamics, cutting tool, electronics 

1. INTRODUCTION 

Diamond fabrication has been an ongoing effort for 
centuries, and has grown from art to science. Ralchenko and 
Pimenov [1] recently reviewed the processes needed to 
shape diamond: cleaving, sawing, polishing, bruiting, and 
grinding. It should be noted that most of these processes 
have not changed significantly over the years. Recent 
developments are electrical discharge machining (EDM) and 
laser machining to form fine structures on polycrystalline 
diamond [1]. EDM has been used to make dies, gears, and 
microdrills, among other shapes from polycrystalline 
diamond. Since diamond is an insulator, either the surface 
must be converted to graphite or a metal coating must be 
applied in order to make it conductive for EDM. In laser 
machining, a Q-switched Nd:YAG laser in the fundamental 
(1064 ran) and frequency-doubled (532 nm) mode, or an 
ultraviolet (193-351 nm) excimer laser is used. Diamond has 
a large optical band-gap, around 5.2 eV, which prevents it 
from readily absorbing photons below 227 nm. Therefore, a 
laser must create optical damage in the material in the form 
of color centers and phase changes or the diamond must 
have defects and microvoids, then light absorption can be 
enhanced. 

Diamond machining with a laser is usually performed in 
either oxygen or air, which reduces the formation of recast 

layer because the carbon reacts with oxygen upon 
vaporization to form carbon dioxide. The Q-switched 
Nd:YAG laser is by far the most popular laser used in the 
diamond industry today to polish diamond surfaces and to 
etch structures onto the surface. However, the nanosecond 
pulsed Nd:YAG laser leaves some undesirable effects such 
as large heat affected zone, large tolerances, limited aspect 
ratio, and adverse effects on optical and electrical properties. 
Femtosecond pulsed laser ablation is new a technology that 
has potential to overcome many of these problems and will 
enable the generation of fine-scale, high-performance 
devices (tools, windows, thermal spreaders) manufactured 
from diamond and other engineering materials [2]. 

Femtosecond pulsed lasers create a new spectrum of laser- 
material interactions because of their extreme intensity 
(>1012 W/cm2) and short pulse duration (10"15 s). The 
assumptions used in conventional nanosecond or longer 
pulsed laser ablation, such as the Beer-Lambert Law for 
absorption and thermal equilibrium of the electrons and 
lattice, are not valid for femtosecond pulses. The time scales 
for laser interaction with the surface is essential for 
understanding the mechanisms of material removal and 
phase transition in diamond under intense laser radiation. 
For nanosecond or longer pulses, the electrons excited by the 
photons can transfer their kinetic energy to the lattice and 
reach thermal equilibrium with the lattice during the laser 
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pulse, since the pulse duration is longer than the electron-ion 
relaxation time which is about 10"12 sec. Therefore, laser 
ablation using nanosecond pulses can be treated as a thermal 
process. In the case of femtosecond laser pulses, the laser 
energy is transferred to the electrons in a short time interval 
of only a few hundred femtoseconds. This is shorter than the 
electron-ion relaxation time, thus, the energy deposited from 
the laser pulse will remain in the electron system and the 
lattice is not thermally equilibrated with the electrons. 

2. MODELING 

Based on the above considerations, we have designed a 
computer simulation using finite-difference scheme (FDS) 
and tight-binding molecular dynamics (TBMD) model to 
investigate laser ablation of diamond as a function of pulse 
width. The FDS model was formulated to predict the 
electron temperatures through the Fermi-Dirac distribution 
function, and the ion temperatures through the kinetic energy 
of the ions. Diamond's thermal properties are dominated by 
phonon modes. Therefore, the thermal conductivity and heat 
capacity of the electrons were evaluated using the Fermi- 
Dirac statistics. The density of states was first determined by 
calculating the number of valence electrons per volume, and 
then used to determine the heat capacity (C) for the 
temperatures within the expected range. Thermal 
conductivity (K) was then estimated using the relation K = 
1/3 Cv/ where vis the electron velocity (a quantity 
determined from the band structure of diamond), and / is the 
mean-free-path length of an electron (the distance that an 
electron can travel, on an average, before undergoing a 
scattering event). These properties were then used to predict 
the electron temperature distributions. The FDS model 
incorporated intensity-dependent absorption of the laser light 
by the electrons and predicted the thermal profiles within the 
electrons from the start of a laser pulse to one picosecond. 
For nanosecond pulses, the electronic temperature was set 
equal to the lattice temperature. For femtosecond pulses, the 
lattice was allowed to evolve freely with an initial 
temperature of 300 K. The electron and lattice temperatures 
obtained in FDS were then used in tight-binding molecular 
dynamics (TBMD) simulations to evaluate the dynamics of 
ablation events. TBMD was chosen for this work because it 
is a computationally efficient means of studying the 
structures, dynamics and electronic properties of complex 
systems at the atomic level TBMD used a temperature- 
dependent tight-binding potential to describe the interaction 
between carbon atoms. This potential provides an accurate 
representation of the electronic band structures, cohesive 
energies,  elastic  constants,  and  phonon  frequencies  of 

crystalline carbon [3]. Simulations were performed with an 
initial geometry of a 12-layer slab with 24 atoms per layer 
arranging in the (2 xl) 7t-bonded chain reconstructed 
structure. The boundary conditions were periodic in the 
directions parallel to the surface. The top and bottom 
surfaces were left unbounded. The data were correlated with 
FDS model to estimate ablation threshold. TBMD 
simulations were also used to evaluate the phase transition 
mechanism during laser machining of diamond. 

3. EXPERIMENTAL WORK 

In addition to modeling, an 825-nm wavelength, 120-fs 
pulse, 1 kHz Ti:Sapphire laser was used to perform laser 
ablation experiments on chemical vapor deposited and on 
single crystal diamonds in order to verify the model 
predictions. The 95% Gaussian beam with a 12-mm 
diameter circular beam profile, was focused onto the surface 
of the diamond which was mounted on a four axis 
micro-positioner in a vacuum chamber at pressures of less 
that 10"4 torr. The diameter of the focused spot was 100 urn 
as determined by beam analysis. An electronic shutter was 
then used to control the exposure time and a quarter wave 
plate/Brewster window combination was used to control the 
pulse energy. Ablated samples were then characterized 
using micro-Raman spectroscopy, atomic force microscopy 
(AFM), and scanning electron microscopy (SEM). 

4. RESULTS AND DISCUSSION 

Figures 1 is an SEM image of a hole drilled in CVD 
diamond using 120 fs pulses. Notice the fine scale features 
visible around the edges of the holes. The ablation was a 
very clean process with no evidence of recast layer, 
collateral damage, or other undesirable effects. The same 
effects were found true for single crystal diamond. Figure 2, 
a hole ablated in single crystal diamond and characterized 
using AFM shows a nearly perfect 100-um diameter hole. 
The edge of the hole is a rapid transition from the flat, 
pristine diamond surface to a steeply-sided, smooth-edged 
hole. There is no evidence of recast or collateral damage. 
Figure 3 shows an AFM image of a groove ablated in single- 
crystal type ILA diamond. This was made by slowly 
translating the sample as the laser ablated at 1 kHz. However 
it is apparent that the base of the groove is not as smooth as 
the edges, a factor that would be expected due to 
irregularities in the beam profile. Micro-Raman spectrum, 
shown in Figure 4, shows pure diamond surface after laser 
ablation Previous studies using long-pulsed lasers have 
shown significant peak broadening and even elimination of 
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the diamond peak [4]. It is clear that the ultrashort pulses 
create very chemically pure, defect free surfaces, as is 
desirable for most applications. 

Fig.l. SEM image of a hole in CVD diamond 

Fig.2. AFM image of a hole in single crystal diamond 

Fig.3. AFM image of a groove in single crystal diamond 

Fig.4. Raman spectrum of CVD diamond ablated surface 

Atomic simulations show that the length of laser pulse is 
crucial in laser ablation of diamond. Finite-difference 
methods predict that the electron temperature decays 
exponentially with depth. The electron temperatures for 120- 
fs pulse length at a depth of 50 nm were 20,000 K and 
140,000 K for the pulse energy fluences of 1.3 J/cm2 and 6.4 
J/cm2 respectively. Such high-temperatures were attributed 
to multiphoton absorption, absence of hydrodynamic 
motion, and lack of time for energy transfer from electrons 
to the lattice during the pulse duration. TBMD simulations 
showed that the electron temperature thresholds for atomic 
movement occurrence were 15,000 K for (111) surfaces, 
25,000 K for (100) surfaces, and 60,000 K for bulk diamond. 
A correlation with finite-difference model predictions of 
120-fs laser ablation showed that threshold energy fluence 
for diamond ablation was 0.02 J/cm2 and 0.05 J/cm2 for (111) 
and (100) surfaces respectively. For the 23-nsec pulsed laser 
ablation, the electron-lattice equilibrium temperatures to 
initiate ablation were estimated at 2500 K for (111) and 
4000 K for (100) at energy fluences 5 J/cm2 to 10 J/cm2 

respectively. 

The stability of the different surfaces determines the ease 
with which diamond is ablated. The (111) is the cleavage 
plane that requires less energy to create. The (100) surface 
requires more energy to create. TBMD simulations are 
shown in Figures 5 through 8. For nanosecond pulsed 
ablation, the structure of (111) surface was stable at 
electron-lattice equilibrium temperatures below 2500 K 
(simulation period was 10 ps). Similarly, the (100) surface 
retained its original structure until 4000 K for nanosecond 
pulses. In femtosecond pulsed simulations, graphitization 
began to occur when the electron temperature was 15,000 K 
for (111) and 25,000 K for (100) surfaces (the simulation 

100 Proc. SPIE Vol. 4088 



period was 500 fs). TBMD showed that phase transition 
from diamond to graphite has occurred for both nanosecond 
and femtosecond pulses but the evolution of graphitization 
was different. For ns-pulses, the graphitization occurred 
vertically; i.e. graphite-like regions penetrate into the bulk 
with the formation of diamond-graphite interfaces 
perpendicular to the surface before the system turns into 
graphite sheets completely. For fs-pulses, the graphitization 
followed a layer-by-layer process, making the removal of 
transformed graphite layers easy. The energy required to 
convert diamond to graphite is also lowest along the (111) 
plane because it is only necessary to break one bond per two 
atoms on the surface. When diese bonds break, the six- 
membered puckered rings quickly flatten leaving graphite. 
Since the n bonding between planes of graphite is rather 
weak, these planes are easily removed during ablation. In the 
(100) surface, the same change occurs along the (111) plane, 
except at higher temperatures. This caused an increase in 
restriction on the movement of the plane, thereby increasing 
the energy required. Bulk diamond was extremely stable 
with regard to electronic excitation, and TBMD showed that 
atomic motion occurred in this case at extreme temperature, 
60,000 K. TBMD model predictions were correlated very 
well with experimental findings, confirming threshold 
energy fluence and the absence of phase transition. 

T = 3000K T = 4000K (0.2ps) 

T = 3S0OK T = 4000K (0.4ps) 

>&3&4 
Fig.5. (100) diamond at 4000 K (nanosecond pulse) 

{$} 1UU li 

Fig.6. (100) Diamond at 25,00 K (femtosecond) 

In summary, the femtosecond laser removes more material 
and leaves a very clean cut. It peels atoms from the diamond 
surface in a layer-by-layer fashion through a non-thermal 
mechanism, leaving a smooth, graphite-free diamond 
surface. 
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We have developed a nanosecond imaging technique, where fundamental radiation of a Nd:YAG 
laser was used as ablating beam while the second harmonic radiation from the same laser was used as 
illuminating light pulse, to study surface phenomena during and immediately after the ablating laser 
pulse. Using this system, we observed the ablation phenomena of metals in air and found that, at 
fluence higher than about 10 J/cm2. there appeared jet-like plasma growing towards incident laser 
beam at velocities of as high as 105 ms'1 in addition to the laser induced plume. The jet grew during 
the laser pulse and when the pulse terminated, its rapid growth stopped. In this paper, we investigated 
the effects of laser pulse shape on this jet-like plasma. We found that appearance of the jet became 
later and its growth continued longer as pulse width increased. Growth speed of the jet depended on 
the pulse shape, even though the jet grew up to similar height at the end of the pulse. Our results 
showed that, even though a laser parameter in laser ablation was usually represented as the fluence. the 
controlling parameter for the jet growth was temporal change of laser power. 

Keyword: Laser ablation. Imaging. Metal. Pulse shape, Plasma 

1. Introduction 

When a high power laser pulse is irradiated to a target, die 
target material becomes high temperature and high pressure 
state, and neutral atoms, molecules, ions, clusters and 
electrons which compose constituents of the matter are 
explosively released with a bright spark. This explosive 
delamination process is called laser ablation. By focusing 
a laser pulse to a tiny spot, we can easily get high laser 
density at the spot to achieve the laser ablation locally. 
Therefore, sharp etching with only slight heat damage left 
around the irradiation part is possible. The ablation 
process has already found some applications in 
microelectronics and medical fields and is expected as one 
of promising fine fabrication techniques. Laser ablation 
process is, however, very complicated, non-linear process 
and there are many still to be made clear, such as the effects 
of pulse width and laser fluence. [1] 

We have observed the laser ablation phenomenon by an 
imaging system which has a nanosecond time resolution and 
found a jet-like plasma which grows very high-speed along 
the laser incidence direction at high fluence[2-5]. In this 
paper, we will report about effects of laser pulse width on 
the jet-like plasma formation as well as plume growth at the 
same laser fluence. 

2. Experimental 

Detail of the experimental procedure has been given 
elsewhere [2,3,5] and only an outline will be described here. 
A Q-switched Nd:YAG laser. Powerlite 8000 (Comtinuum. 
Co.) with a second harmonic generator/separator unit was 
used. Light from the laser contains both converted second 
harmonic radiation and fundamental radiation. Both of the 
second harmonic and the fundamental radiation separated by 
the separation apparatus were used in this experiment. 
The fundamental light (1064nm) was used as the ablation 
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beam (Pump Beam) and the second harmonic light 
(532nm) was used as illuminating light (probe Beam). 
The fundamental light was focused onto the target by a 
plano-convex lens and hit the surface perpendicularly. 
The second harmonic light passed through optical delay 
lines was impinged to the target from a tilted direction. 

Distance between the target and lens was varied to 
change spot size of the beam for adjusting the laser fluence 
while the pulse energy kept constant. 100 mJ in this 
experiment. Laser fluence was adjusted to be 10 J/cm2. 
Different pulse width was obtained by adjusting a Q- 
switch delay time of the laser. Tins usually caused 
changes in pulse energy, too. So, a beam attenuater was 
used to keep the pulse energy constant. Laser pulse shape 
was monitored by combination of a fast photodiode and a 
digital oscilloscope. Pulse width, which is usually 
represented by its FWHM value, were measured to be 8, 
13 and 23 ns, respectively. But their full widths (FW), 
from the rise to the end of the trace, showed smaller 
differences with each other: 35. 55 and 70 ns, respectively. 

Aluminum (1050) plates of 1mm thick were 
mechanically polished and used as targets. Each pulse 
was shot on a fresh surface, i.e., each photo represents a 
single pulse event. 

The ablation phenomenon was taken by the ICCD 
camera with a gated image intensifier, transferred to a 
personal computer and then treated by an image- 
processing program. The delay time was defined as 
interval between the rise of irradiated laser pulse detected 
by a photodiode and the end of the camera gate signal. 

The system described above was used for delay times of- 
5 to 40 ns. For delay times longer than 45 ns, the second 
laser (Surelite I) was used as illumination source and the 
delay time between two laser pulses was controlled by a 
digital delav generator (DG 535, Stanford Research Inst., 
Co.). 

Geometry of observation is important in reading the 
images and is illustrated schematically in figure 1 with a 
typical image obtained. The second harmonic light passed 
through flie variable optical delay line was expanded by a 
beam expander and illuminated the irradiated spot along the 
direction intersecting 60 degrees from the normal direction. 
Observation direction was at the opposite half plane with an 
angle 30 degrees from the normal. A band pass filter of 
532 run and suitable neutral density filter were placed in 
front of the camera. The gate width of camera was 3 ns 
and was monitored by a digital oscilloscope. 

The white picture in the figure shows jet-like plasma 
growing perpendicular to the surface. Its shadow projected 
against the sample surface is clearly observed. Boundary 
of the shadow is clearer than bright plasma image itself, 
which allows us to determine its height precisely from 
simple geometric calculation shown in the figure. Shadow 
length is elongated than actual plasma height and thus is 
measured easily.    Actual plasma height H is calculated by 
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Fig. 1. Geometry of beams and observation. 
Above:   Geometry   of ablating   and  illuminating   beam   and 
observation direction. 
Below: A typical image obtained.    Sample is Al, laser fluence is 
10.T/cm2, and delay time is 50ns in air. 

H=OXtan30°  /cos30°  . 
where OX is the shadow length measured on the display. 

3. Results and Discussion 

Fig. 2 shows the example of observed images. The above 
of the figure are images observed at the delay time of 15ns, 
and the below are those at 50ns. Pulse width is 8 ns, 13 ns, 
and 23 ns from left to right. 

At delay time of 15ns, the difference in growth of jet- 
like plasma is clearly seen. The jet-like plasma had already 
appeared in the shortest pulse case (a): it grew as high as 
0.7mm. In (b), it seems that the jet-like plasma just started 
to grow, even though its height was not able to estimate 
from tire image. In the longest pulse case (c), we cannot 
see any bright image assignable to the jet. At delay time of 
50 ns. in the image for the shortest pulse width (d), growth 
of the jet already stopped and its shadow stared to thin out. 
Furthermore, closer look reveals that an additional shadow, 
which was possibly be that of ablated aluminum plume[2,3], 
was growing inside the shadow. In (e). the growth of the 
jet had almost stopped, and the shadow of plume had 
appeared at inside of it. In the image for the longest pulse 
width (f), the growth of jet-like plasma still continued. The 
height of the jet-like plasma was almost the same for three 
pulse widths at delay time of 50 ns. 

Proc. SPIE Vol. 4088 103 



pulse width=8ns pulse \vidth=13ns pulse width=23ns 

■mÄi^^isi^^^ 

Fig.2. Time resolved images of jet-like plasma 
Above: delay time= 15ns (a)pulse width=8ns 
Below: delay time=50ns   (d)pulse width=8ns 

We consider that this jet-like plasma should be laser 
induced breakdown plasma of air initiated by electrons 
supplied from the target[2,3]. 

In images at longer delay times, the shadow of jet-like 
plasma was gradually thinned and. instead, a shadow 
showing a shock wave front appeared as shown in figure 3. 
There was no clear difference in images of shock waves 
later than 100 ns for three pulse widths. 

Figure 4 shows plots of observed height of jet-like 
plasma and shock wave with delay time. From this figure 
we summarize following characters of the jet-like plasma. 
(1) Shorter the pulse width, earlier the jet starts. 
(2) Shorter the pulse width, faster the growth speed of it. 

0     0.5mm 
for three pulse widths. I I 
; (b)pulse width=13ns ; (c)pulse width=23ns 
; (e)pulse width=13ns ; (f)pulse width=23ns 

(3) The plot shows an S-character shape. 
(4) End point of fast growth corresponds to the end of laser 

pulse, i.e.. full width of the pulse. 
Earlier than 10ns. the height seems constant because shadow 
of the jet is buried under a black image of laser irradiated 
spot so that precise determination of its length is difficult, as 
you can see in the figure 2 (c). The jet-like plasma 
changed its temporal behavior according to the laser pulse 
shape. Because the pulse energy and fluence were kept 
constant, the peak power was inversely proportional to the 
pulse width. Therefore, we think the growth of the jet-like 
plasma is controlled by laser power distribution. 

After the end of the pulse, the jet-like plasma stopped its 

BSP 

FWHM=8 ns FWHM=13ns 

Fig. 3.   Image of shock wave dues to plume observed at delay time of 500 ns. 
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Fig.4. Growth of jet-like plasma and shock wave for three pulse 
width with time. Target is aluminum and laser fluence is 
lOJ/cm2 

fast growth and remained nearly equal height until 100 ns or 
so. In this stage, the shadow slightly expanded to lateral 
direction and was dunning rapidly and the boundary of the 
shadow changed into a black-and-white double line 
representing a shock front usually seen in a shadowgraph. 
This suggests that the fast growth of the jet would not be 
driven by plasma pressure but by laser light filed itself. 
The growth speed of the jet were a bit smaller than 105 ms"'. 

Inside of the thinning shadow, we could sometimes 
observe another shadow growing slower than the jet. It 
seems that this shadow, which we think due to the laser 
induced plume of aluminum, eventually catch up with the 
preceding shock-wave due to the jet-like plasma and 
continue to grow later than 1000 ns. This growth is shown 
as the second growing stage in the figure, which appears 
later than 100 ns. Growths of these shock-waves (plume) 
seem almost the same for examined three pulse widths. 
Shock-wave front expanded both in axial and lateral 
directions. The growth speed of this part is order of 103 

ms"1. which is in good agreement with plume expansion 
speed in air reported previously. The similar value is 
obtained in our experiments at lower fluence than the 
threshold of the jet-like plasma formation[2,4,5]. This 
would suggest that the pressure, mass and temperature of the 
plume are nearly the same for these three cases because their 
behavior seems quite similar in our observation. 

Assuming that this is true, the difference in pulse width 
causes little effect on laser ablation of the target materials, 
so long as the pulse energy is the same. The jet-like 
plasma formation should cause decoupling of pulse energy 
to the target materials due to its generation process and 
absorption by the plasma, but it seemes that the amount of 
laser energy transferred to the target is nearly the same for 
three pulse width examined. 

Commonly used laser parameters describing the laser 
ablation processes are laser wavelength and laser fluence. 
Most of the researchers might notice that laser pulse shape 
sometimes affect results but. in most of the studies so far. 
different pulses were supplied from different lasers and thus 
accompanied with other parameter changes as well. 

Our results on the jet-like plasma have shown the effects 
of pulse shape without other change of parameters. 
Behavior of the plume driven shock wave, however, 
suggests that the laser fluence would be considered as a 
good laser parameter for describing the plume when the 
pulse width changes by factor of 2 or 3 in a few tens of 
nanosecond range. 

4. Conclusion 

The jet-like plasma formation in laser ablation of 
aluminum in air showed distinctive dependence on temporal 
laser pulse shape even though die fluence and total pulse 
energy were same. The results suggested tiiat die jet was 
driven by laser light field and not by pressure of the plasma. 
Laser induced plume observed after die jet showed littie 
dependence on the pulse shape. Our results have shown 
the effects of pulse shape without other change of 
parameters and suggested that die laser fluence would be 
considered as a good laser parameter to describe nanosecond 
laser ablation. 

Acknowledgments 

This work is partly supported by Grants-in-Aid for Scientific 
Research from the Ministry of Education, Science, Sports and 
Culture of Japan (11650736,11305053 and 10558082). 

References 

[1] For example, B. Dieter, Laser Processing and Chemistry. 
2nd Ed. Springer-Verlag, Berlin. Heidelberg, 1996 

[2] Y. Ito, T. Shimizu, I. Oguro, and S. Kijima, "Jet-Like 
Plasma Fonnation in Laser Ablation of Metals Observed 
by Nanosecond Imaging Technique in Gases." 
Proceedings of ICALEO'99, LIA Vol. 87, Part 2, Sec. E. 
pp. 61-70, 2000 

[3] Y. Ito, I. Oguro. Y. Fukuzawa and S. Nakamura, 
"Nanosecond laser ablation of metals in gases observed 
by photoacoustic and imaging techniques" Proceedings 
of High Power Laser Ablation 2000. Proc. of SPIE. 
4065, (in press) 

[4] Y Ito. S. Kijima. T. Shimizu "Observation of the laser 
ablation process with nanosecond time resolution." 
Proceedings of 1998 Fall meeting of die Japanese 
Society for Precision Engineering. 406 (in Japanese) 

[5] Y Ito, S. Nakamura, I. Oguro "Laser ablation of 
aluminum." Proceedings of Annual Meeting of the 
Japan Society of Electrical Machining Engineers. 1999. 
111-114 (in Japanese) 

Proc. SPIE Vol. 4088 105 



Molecular Dynamics Analysis on Physical Phenomena of Metal with 
Evaporation Induced by Laser Irradiation 

Ichirou FUKUMOTO*, Etsuji OHMURA**, Alexei ZHIDKOV*, Akira SASAKI*, 

Takayuki UTSUMI* and Isamu MIYAMOTO** 
* 
Advanced Photon Research Center, Kansai Research Establishment, JAERI, 25-1 Mii-minami, Neyagawa 

Osaka 572-0019, Japan 
E-mail: fukumoto@apr.jaeri.go.jp 

Department of Manufacturing Science, Graduate School of Engineering, Osaka University, 2-1 Yamada-oka, 
Suita, Osaka 565-0871, Japan 

Recently, ultra-short pulsed lasers with high peak power have been developed, and their applica- 
tion to the materials processing is expected for a tool of precision microfabrication. During surface 
generation process with laser ablation, lattice defects such as dislocations, vacancies, grain boundaries, 
are also generated beneath the surface. Lattice defects influence the quality or accuracy of materials 
processing, therefore it is important for laser precision microfabrication to elucidate the generation 
mechanism of them. In this paper, laser ablation phenomena of metal were analyzed using the modi- 
fied molecular dynamics method, which has been developed by Ohmura and Fukumoto. Main results 
obtained are summarized as follows: (1) The shock wave induced by the Gaussian beam irradiation 
propagates radially from the surface to the interior. (2) A lot of dislocations are generated near the 
surface by the propagation of shock wave. (3) Many grains are generated in the resolidification 
process after the end of laser pulse. They are metastable and some crystal-orientations of them 
change to one of the base metal and the grain boundaries disappear in the cooling process. 

Keywords:   laser precision  microfabrication,  computer simulation,  molecular dynamics,  fusion, 
evaporation, shock wave, dislocation, grain boundary 

1. Introduction 

Recently, the ultra-short pulse CPA (chirped pulse am- 
plification) laser with high peak power has been developed, 
and it is being expected as a powerful tool of laser precision 
microfabrication. When the surface is ablated due to laser 
irradiation with a high peak power, shock wave is generated 
and propagates to the interior of the target from irradiation 
spot. It also induces the generation of a lot of dislocations 
in the material. On the other hand, many grain boundaries 
must be generated in the liquid phase in the rapid cooling 
process. Since such lattice defects influence the quality or 
accuracy of micro processing, it is important to clarify the 
mechanisms of their generation. Because they are gener- 
ated in the microscopic area momentarily inside the target, it 
is very difficult to observe the generation process experi- 
mentally. Therefore, many theoretical or numerical 
analyses of the laser ablation phenomena have been per- 
formed. In this paper, the microscopic shock phenom- 
ena and resolidification processes are analyzed through the 

molecular dynamics (MD). 

2. Simulation methods 

In the present simulation, laser is assumed to be the 
fourth harmonics of Nd:YAG laser (wave length 266 nm) 
with the pulse duration of ps order. Mono-crystalline 
aluminum (Al) is chosen as the target material, and Morse 
potential [1] is applied to the interatomic potential. Analy- 
sis area is the Al (111) plane, and 400 atoms per layer in the 
direction of surface and 400 layers in the depth, totaling 1.6 
X10 atoms are arranged in a square configuration. The 
details of the configuration method of initial atomic array 
and the photon absorption model were described in Refs. [2] 
and [3]. The modified MD method [4], in which heat 
conduction by free electrons is compensating at every time 
step of MD calculation, is also applied in this paper. 
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Fig.l Stress state of Al atoms during Nd:YAG (4co) laser irradiation, which is shown by a gray scale.   Average 
power density and pulse duration are 200 GW/cm2,1.5 ps, respectively. 
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Fig. 2 Transition of shock wave at every 1 ps since 
irradiation starts. Irradiation conditions are 
the same as Fig. 1. 
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Fig. 3 Transition of the peak intensity position of 
shock wave at every 0.5 ps since irradiation 
starts. Irradiation conditions are the same 
as Fig.l. 

3. Propagation of shock wave 

Microscopic stress states of Al atoms due to Gaussian 
beam irradiation of pulse duration 1.5 ps and average inten- 
sity 200 GW/cm2 are shown in Fig. 1. In these figures, the 
force acting on an atom in the direction of width is shown 
by a gray scale. We can see the compressed area generated 
circlewise at 2 ps (Fig.l (a)) and spreads out radially inside 
the material (Fig.l (b)). Figure 2 shows the transition of 
the average stress states of Al atoms on a circle drawn in the 
analysis area, whose center is set at the beam center irradi- 
ated to the initial surface, at every 1 ps after irradiation start. 
The average stress state is evaluated by the difference be- 

tween the mean of the force acting on an atom on the circle 
F and the mean value of all Al atoms in the initial state 
F0, and F - F0 > 0 means compression. Compressed 

area propagates from the irradiation spot to the interior as a 
shock wave, whose shape is seen as a triangle. The transi- 
tion of peak intensity position of the shock wave from 
irradiation spot is shown in Fig. 3. The result in the case of 
average power density 100 GW/cm2 and pulse duration 3 ps 
is also shown in Fig. 3. A straight line is one obtained by 
the method of least squares. Propagation velocity of the 
shock wave, which is given by the gradient of this line, does 
not depend on irradiation conditions but is equal to the elas- 
tic wave velocity of Al. 
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4. Generation of dislocations 

The crystal state of Al atoms in Fig. 1 are shown in Fig. 
4. In these figures, gray lines show the slip planes with an 
edge dislocation, which is shown by a black dot, at the end 
of each one. Black dots show the atoms in liquid phase, 
that is, group of them show the molten pool. The semicir- 
cles shown by solid lines are the peak intensity position of 
the shock wave. And, the semicircles of the dotted line 
show the position where F - Fa = 0 in Fig. 2. The vicin- 

ity of irradiated area melts at first then ejects explosively. 
At the same time, a shock wave is generated and propagates 
to the interior, and many dislocations are generated from the 
solid-liquid interface by propagation of the shock wave. 
The dislocations are moved tangentially by the shock wave 
with the velocity of longitudinal wave of the material. Af- 
ter the shock wave has passed, the dislocations move at the 
lower velocity than traverse wave. 

5. Grain boundaries generation 

Ablation and resolidification processes of Al with the 
laser irradiation of uniform power intensity 100 GW/cm2 

and pulse duration 0.5 ps are shown in Fig. 5. In Figs. 5(a) 
and Fig. 5(b), evaporation occurs violently and many small 
particles are ejected from the surface. We can see some 
small voids in the liquid phase in Fig. 5(a). Heat is con- 
ducted to the interior, then remarkable thermal expansion 
occurs and some small voids and many slip planes are gen- 
erated in the liquid phase and solid phase, respectively (Fig. 
5(c)). Voids in liquid phase become larger during ablation 
process, as shown in Fig. (d), they remain since then as we 
can see in Fig. 5(f). On the other hand, nucleation of grain 
starts in Fig. 5(d), some grain boundaries become clearly in 
Fig. 5(e). But they are metastable, therefore some crys- 
tal-orientations of them change to one of base metal and 
they disappear in the cooling process. It is thought that the 
voids and the grain boundaries in resolidificated layer, 
which are shown in Fig. 5(f), remain as lattice defects. 

6. Conclusions 

The shock phenomena accompanied with laser ablation 
and resolidification processes in liquid phase are simulated 
through the modified MD. Obtained results are summa- 
rized as follows: 

i i 

10 nm 

10 nm 

10 nm 

(a) time 2 ps 

(b) time 4 ps 

(c) time 6 ps 

Fig. 4 Propagation of shock wave, shown by a 
semicircle of a solid line, and behavior of 
slip planes in the material. Irradiation 
conditions are the same as Fig.l. 
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Fig 5    Ablation and resolidification processes of Al with the laser irradiation of power intensity 100 GW/cm2 and pulse 
duration 0.5 ps.    Slip planes with an edge dislocation at the end, voids and grain boundaries can be seen. 

(1) The shock wave induced by the recoil pressure due to 
laser ablation propagates radially from the irradiation 
spot to the interior of the target. The propagation ve- 
locity of the shock wave is almost equal to the speed of 
the longitudinal wave of the target. 

(2) A lot of dislocations are generated from solid-liquid in- 
terface by the propagation of shock wave. Dislocations 
move with the shock wave with the longitudinal wave 
velocity. After the shock wave passes, the velocity of 
dislocations is not larger than that of the traverse wave. 

(3)Many grains are generated in the resolidification process. 
Some crystal-orientations of them change to one of base 
metal and the grain boundaries disappear in the cooling 
process, but others remain as the lattice defects. 
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Hybrid laser processing for precision microfabrication of hard materials, in which interaction of a 
conventional pulsed laser beam and another medium on the material surface leads to effective ablation, 
is reviewed. The main role of the medium is to produce strong absorption of the ns-laser beam to the 
materials. Simultaneous irradiation of the UV laser beam with the VUV laser beam possessing 
extremely small laser fluence performs accurate ablation of the hard materials such as fused silica, 
crystal quartz, sapphire, GaN, SiC, etc. (VUV-UV multiwavelength excitation process). Metal 
plasma generated by the laser beam effectively assists high-quality ablation of transparent materials, 
leading to submicron grating fabrication and high-speed hole drilling of glass materials (laser-induced 
plasma-assisted ablation (LIPAA)). The detailed discussion includes ablation mechanism of hybrid 
laser processing and comparison of advantages and disadvantages with F, laser ablation. 

Keywords: hybrid laser processing, hard material, precision microfabrication, micromachining, 
ablation, VUV laser, fused silica, multiwavelength excitation, laser-induced plasma, F2 laser. 

1. Introduction 

Development of precision microfabrication techniques 
for hard materials such as fused silica and GaN is strongly 
desired in various industrial fields. Although pulsed laser 
ablation is quite attractive for high-quality and high- 
efficiency microfabrication of various kinds of materials, 
conventional UV, visible or IR lasers often induce severe 
damage and cracks to the hard materials. So far, two kinds 
of approaches were attempted to overcome these problems. 
One is use of novel lasers such as vacuum ultraviolet 
(VUV) and femtoseond (fs) lasers. Herman et al. reported 
F2 (157nm) laser ablation of fused silica for the high-quality 
surface patterning [1]. Varel et al. reported high-quality 
channel drilling *of fused silica by fs laser ablation [2]. 
However, it is well known that such lasers have many 
difficulties for practical use at the moment, due to small 
pulse energy, unreliability, unstability, high photon cost, etc. 
If conventional pulsed lasers in UV, visible, or IR ranges 
can be utilized for the processing, great advantage is 
obvious. Recently, hybrid-laser ablation has been 
proposed as another approach for high-quality ablation of 
fused silica. That is, another medium is introduced into 
the conventional ns-laser ablation system. The main role of 

the medium is to produce strong absorption of the ns-laser 
beam to the materials. Wang et al. developed laser- 
induced backside wet etching (LIBWE) for micropatterning 
of transparent materials, in which one side of the substrate 
is in contact with an acetone solution containing pyrene and 
the other side is irradiated with KrF excimer laser [3]. 
Sugioka et al. reported that simultaneous irradiation of the 
VUV laser beam possessing extremely small laser fluence 
with the UV laser beam has performed accurate ablation of 
the hard materials (VUV-UV multiwavelength excitation 
process) [4-13]. Zhang et al. reported the surface 
patterning and high-speed channel drilling of fused silica 
and related glass materials by laser-induced plasma-assisted 
ablation (LIPAA) using an IR (1.06 urn, 6 ns), visible (532 
nm, 6 ns) or UV (266 nm, 6 ns and 248 nm, 34 ns) laser 
[14-17]. Thus, hybrid laser processing opens up new 
avenues for precision microfabrication of hard materials. 

In the present paper, precision microfabrication of the 
hard materials by hybrid laser processing developed by us 
((1) VUV-UV multiwavelength excitation process and (2) 
LIPAA) is reviewed. The detailed discussion includes 
ablation mechanism of hybrid laser processing and 
comparison of advantages and disadvantages with the 
conventional laser processing using the F, laser. 
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2. VUV-UV multiwavelength excitation process 

2.1 Concept 
Figure 1 shows a schematic illustration of the concept of 

multiwavelength excitation process. In this process, VUV 
and UV laser beams are directed to a substrate at the same 
time. The energy density of VUV laser is as small as 
several tens mJ/cm2, which is 1 - 2 orders lower in 
magnitude than that of single wavelength laser ablation 
using an F2 laser. The energy density of simultaneously 
irradiated UV laser beam is the order of 10° J/cm2 which is 
comparable to that of single wavelength ablation. For 
micropatterning   of solid   surfaces  by  this  process,  the 

Patterned UV laser beam 
(~ J/cm2) 

Ablated holes 

Simultaneous irradiation of 
VUV and UV laser beams j 

VUV laser beam 
(~ tens mJ/cm2) 

(Substrate) 

Fig.  1.     Schematic illustration of concept of multi- 
wavelength excitation process. 

unpatterned VUV beams are irradiated to a broad area and 
only the UV laser irradiation area should be localized, as 
shown in Fig. 1. The contrary scheme, i.e., patterned 
irradiation of the VUV beam with unpatterned irradiation of 
the UV beam, is also possible. 

2.2 Ablation using VUV Raman laser 
The VUV Raman laser, based on high-order anti-Stokes 

Raman scattering of a fourth harmonic of a Q-switched 
Nd:YAG laser (a 266 nm wavelength and an 8 ns pulse 
width) in a Raman cell filled with hydrogen gas at 4 arm., 
was used in our initial experiments. Figure 2 shows a 
schematic illustration of experimental setup for ablation of 
the hard materials using the VUV Raman laser. Figure 3 
shows output characteristics of the VUV Raman laser when 
a 100 mJ pulse of the fourth harmonic of Nd:YAG laser is 
incident to the Raman cell. The VUV Raman laser 
simultaneously radiates fifteen discrete wavelengths from 
the 133 nm 9th-order anti-Stokes beam to the 594 nm 5th- 
order Stokes beam including the pump beam of a 266 nm 
wavelength whose energy is the largest and accounts for 
about 45 % of total energy of the output beams. The pulse 
energy of anti-Stokes lines exponentially decreases with 
increase of the order and drops to less than 1 mJ in the VUV 
region. The VUV beams has a tophat-like shape, although 
the 266 nm wavelength beam has a Gaussian-like shape 
[18]. For the multiwavelength laser ablation, the laser 
fluence was calculated by totaling pulse energy of each 
wavelength component. 

In the experiment, all wavelength components emitted 

4(0 of Nd:YAG laser 

H2 Raman Cell 

Contact Mask 

Substrate 

Fig. 2. Schematic illustration of experimental setup 
for multiwavelength excitation process using a VUV 
Raman laser. 
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(a) VUV Raman laser 

(b) 266 nm laser 

Fig. 4.   AFM images of ablated 6-H SiC. 

from the VUV Raman laser were directed to the substrates 
placed in a vacuum chamber with pressure less than 8xl0"5 

Torr using an MgF2 lens at the same time. In this case, a 
Ni mesh with 25x25 um2 apertures was put on the sample 
surface as a contact mask for the micropatterning. The 
irradiated area at the sample surface and the repetition rate 
of the laser pulses were set at about 1 mm in diameter and 1 
Hz, respectively. 

Figure 4 shows atomic force microscope (AFM) images 
of single-crystal 6H-SiC ablated by (a) simultaneous 
irradiation of multiwavelength components emitted from the 
VUV Raman laser and (b) the only 266 nm wavelength 
beam, followed by chemical treatments using HC1: 
H202:H20 and HF:H20. The laser fluence of 266 nm laser 
beam and number of laser pulses were 1.06 J/cm2 and 60 
pulses, respectively. The fluence of VUV laser beams for 
multiwavelength irradiation was estimated to be ca. 20 
mJ/cm2. For the sample ablated by the multi-wavelength 
irradiation, a well-defined pattern corresponding to the 
contact mask pattern used was created. Neither cracks nor 
distortion took place at the edge region, and little debris was 

deposited on the circumference. The flat bottom almost 
corresponding to the original surface and the flat walls as 
well as the sharp edges were obtained. The etching rate 
was estimated to be as large as 35 nm/pulse. On the other 
hand, for the sample ablated by the only 266 nm beam, the 
ablated pattern was distorted, and the edges showed 
undesirable swelling. In addition, the ablated surface 
seems to be somewhat roughened. 

This novel ablation technique was applied to precision 
microfabrication of the other hard materials such as fused 
silica, crystal quartz, sapphire, lithium niobate, SiC, and 
GaN. For every material, well-defined micropattems with 
no cracks, no distortion, and little debris deposition were 
fabricated similarly to the case of SiC. Microanalysis 
using photoluminescence and Raman spectroscopy 
indicated that ablated surfaces of SiC and GaN had little 
deterioration of crystallinity. 

23 Fj-KrF excimer laser multiwavelength ablation 
The VUV Raman laser used in our initial experiments is 

unstable for practical use, since it simultaneously radiates 
fifteen different wavelengths from VUV to visible ranges 
and its pulse energy in VUV region is too small. As a next 
step, we demonstrate a new technique of dual-beam ablation 
of fused silica by multiwavelength excitation process using 
F2 laser and KrF excimer laser in nitrogen atmosphere for 
approaching practical application. 

The schematic diagram of the experimental setup for the 
ablation of fused silica using the dual laser beams was 
shown in Fig.5. KrF excimer laser beam (248nm) was 
focused on the front side of the substrate surface through a 
contact Ni mask (an array of 25x25 um2) using a fused 
silica lens as an ablation beam. F2 laser beam (157 nm) 
was directed on the rear side of substrate surface using an 
MgF2 lens as an excitation beam. A pulse generator was 

Sample holder Chamber purged 

KrF excimer  
Laser (248nm) 

Lens 

Lens 
Mask 
}~\ 

by dry Nitrogen 

£ 
F2 excimer 

.'laser (157nm);;: 

Fused i ilica sample 

Pulse generator - A Biplanar photo-tube 

Osciloscope 

Fig. 5. Schematic illustration of experimental setup 
for F2 - KrF excimer laser multiwavelength excitation 
process. 
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(a) F2 - KrF excimer lasers 

(b) KrF excimer laser 

Fig. 6.   AFM images of ablated fused silica. 

used to trigger two laser systems for controlling irradiation 
timing of two beams. At 157 nm wavelength, about 60% 
of F2 laser beam can reach the front side of the substrate, 
since the thickness of fused silica used is as thin as 150 (Am. 
The repetition rate of both KrF excimer and F2 lasers is 1 
Hz in order to exclude effects arising from heating of 
sample. In the whole experimental process, the F2 laser 
fluence on the front surface was constantly kept at 60 
mJ/cm2. The ablation chamber was continuously purged by 
dried nitrogen gas during the process. 

Figure 6 shows AFM images of fused silica ablated by 
(a) dual beams using F2 and KrF excimer lasers and (b) KrF 
excimer laser. The high-quality ablation with well-defined 
structures without debris deposition around the ablated area 
takes place for the dual beams. In detailed observation, 
regular ripple structures appear on the ablated surface. 
This pattern was formed by diffraction of KrF excimer laser 
at edge of the mask, suggesting that the ablated surface 
structure reflected the spatial energy distribution of the laser 
beam.    Therefore, it is deduced that there is little thermal 

influence during the process. Additionally, it was 
confirmed in another observation that the quality was 
comparable to single wavelength ablation using F2 laser. 
On the other hand, single KrF excimer laser causes 
roughness at ablated surfaces, distorted patterns, and much 
debris deposition. 

2.4. Mechanism 
The above results indicate that the ablation quality can be 

drastically improved by simultaneous irradiation of VUV 
laser beams with small laser fluence. In order to 
investigate the role of VUV beams, we measured absorption 
of fused silica to KrF excimer laser beam induced by 
simultaneous irradiation of F2 laser beam. 

Figure 7 shows pulse forms of KrF excimer laser beam 
transmitted through the fused silica (a) without and (b) with 
simultaneous irradiation of F2 laser beam from the opposite 
side of KrF excimer laser irradiation. The vertical axes 
represent beam intensity in an arbitrary unit. The fused 
silica has no absorption to the KrF excimer laser beam 
without the F2 laser irradiation. However, it is quite obvious 
that beam intensity is reduced by the irradiation. This 
means that simultaneous irradiation of F2 laser induces a 
large absorption to the fused silica by KrF excimer laser 
beam. This phenomenon may be explained as the excited 
state absorption (ESA) induced by coupling of KrF excimer 
and F2 laser beams. In order to discuss ESA in a current 
case, the band structure of fused silica is illustrated in Fig. 8. 
The energy gap and the electron affinity are 9.0 eV and 0.9 
eV, respectively. Therefore, electron excitation from 
valence band to conduction band by F2 laser (7.9 eV) is 
impossible. However, the absorption edge of the fused 
silica used is around 170 nm (7.3 eV), which is ascribed to 
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Fig. 7. Pulse forms of KrF excimer laser transmitted by 
fused silica (a) with and (b) without simultaneous 
irradiation of F2 laser . 
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Fig. 8.    Band structure of fused silica and electron 
excitation processes. 

impurities and defects. Thus, the fused silica has absorption 
to the F2 laser beam, so that electrons can be excited from 
the valence band to the defect levels. The electrons trapped 
at the defect levels are easily raised beyond the vacuum 
level by photons of more than 2.6 eV, which corresponds to 
a 477 nm wavelength. Accordingly the excited state may 
strongly absorb single photon of KrF excimer laser. Thus, 
electrons excited by F2 laser are raised beyond vacuum level 
by KrF excimer laser irradiation, leading to Si-0 bond 
scission and finally causing effective ablation. 

On the other hand, the mechanism for wide band-gap 
semiconductors such as SiC and GaN is thought to be 
different, because such materials have strong absorption 
even to the UV beam due to their band-gaps of 3 - 4 eV. 
Namely, a single photon of the UV laser beam is sufficient 
to directly excite electrons from the valence band to the 
conduction band. However, the excited electrons in 
semiconductors cannot contribute to bond scission unlike 
insulators, since they are not self-trapped. In this case, the 
bond scission is only possible by cascade excitation through 
localized electron states ascribing to defects [19]. In the 
meanwhile, a single photon of the VUV laser beam can 
directly excite electrons from the valence band to the 
vacuum level and induce photo-ionization, since the photon 
energy is larger than sum of the band-gap and electron 
affinity (5.5 - 7.5 eV). Then, the large laser fluence of the 
simultaneously irradiated UV laser beam can be used 
efficiently to eject the ionized species. 

2.5. Advantages 
The multiwavelength excitation process presented here 

Table    I.        Comparison    of   the    multiwavelength 
excitation ablation with F2 laser ablation. 

Process Advantage Disadvantage 

F2 laser ablation Simple setup. 

High photon cost. 
Small processing area. 
VUV projection system 

and optics. 
Speckle noise. 
Pulse-to-pulse unstability. 

Multiwavelength 
excitation ablation 

Low photon cost. 
Large processing area . 
UV projection system. 
Insensitive to unstable 

VUV Dulse. 

(Complicate setup.) 

has many advantages compared with the conventional 
single wavelength laser ablation. Comparison of features 
between the multiwavelength excitation and single 
wavelength processes is summarized in Table I. That is, 
quite small fluence of the VUV laser for the multi- 
wavelength excitation process results in reduction of photon 
cost as well as extension of processing area leading to 
increase of throughput. Additionally, the ablated patterns 
are determined by the UV laser beam. Therefore, 
difficulty in using VUV optics and projection systems is 
eliminated. Furthermore, unstable pulse-to-pulse energy 
and spatial nonuniformity of the VUV laser beam are not 
sensitive for high-quality ablation. 

3. Laser-induced plasma-assisted ablation 

3.1. Experimental scheme 
The multiwavelength excitation process using the UV 

laser combined with the VUV laser has many advantages 

Excimer laser 

Laser-induced plasma 

Fused silica sample 

Phase mask 
Homogen izer 

Mirror 
V 
Projection lens 

Vacuum chamber 

Fig. 9. Schematic illustration of experimental 
apparatus for LIPAA using a KrF excimer laser and a 
phase mask. 
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532 nm laser 

Front Surface 

Fused Silica 

Rear Surface 
700 umO 

Fig. 10. AFM image of grating structure fabricated in 
fused silica by LIPAA using a KrF excimer laser and a 
phase mask (the distance between the sample and the 
target: 200 urn). 

compared with the conventional single wavelength laser 
process as mentioned above. However, if only the 
conventional UV, visible or IR laser can be utilized for 
microfabrication of fused silica and the related glass 
materials, greater advantage is obvious for practical 
application. Recently, we have developed another hybrid 
laser processing of the glass materials by laser-induced 
plasma-assisted ablation (LIPAA) [13-15]. The most 
important feature of this technique is that the single 
conventional pulsed laser can lead to an effective ablation of 
the transparent materials by coupling of the laser beam to 
plasma generated from a metal target by the same laser. 

Figure 9 shows a schematic illustration of the 
experimental apparatus for LIPAA. The KrF excimer laser 
of a 248 nm wavelength and a 34 ns pulse width is 
homogenized by using a couple of 5x5 microlens arrays 
(fly's eye type homogenizer). The homogenized beam is 
projected to the fused silica substrate placed in the vacuum 
chamber using a single fused silica lens. Since the fused 
silica has no absorption in a UV range, the laser beam goes 
through the substrate and then is absorbed at a metal target 
surface (typically Ag) placed behind the substrate with a 
distance of a few hundreds urn ~ a few mm. The 
repetition rate of laser irradiation is kept constant at 1 Hz. 
Due to interaction of plasma generated from the target and 
the laser beam, significant ablation takes place at the rear 
surface of substrate. In this experiment, a phase mask with 
a 1.065 um period designed for the KrF excimer laser beam 
is kept in contact with the front surface of substrate for 
direct microfabrication. One of advantages of this 
technique is that the mask is not affected by debris 
deposition since ablation takes place at the reverse side of 

Metal Target 

Fig. 11. Optical microscope photograph of a cross 
section of the through hole fabricated in 0.5-mm-thick 
fused silica by LIPAA (the distance between the sample 
and the target: 1.5 mm). 

substrate. Instead of the excimer laser, the other pulsed IR 
and visible as well as UV lasers can be used. For 
micropatterning, a mask projection method is also available. 

3.2. Fabrication of micrograting 
Figure 10 shows an AFM image of grating structure 

fabricated on the fused silica substrate by using the 
experimental setup shown in Fig. 9 at the laser fluence of 
1.3 J/cm2 and 40 pulses. Well-defined and clean 
micrograting structure was formed without any severe 
damage. A period of the grating is about 1.06 urn, which 
well agrees with that of the mask used. The cross- 
sectional profile of the grating has a sine-wave-like 
structure with a depth of a few hundreds nm and a smooth 
surface. Thus, the present technique is very attractive for 
precision microfabrication of fused silica. Additionally, 
various microstructures such as Fresnel-zone pattern and 
micro-trench can be formed by the mask projection method 
using fundamental (1.06 urn), 2co (532 nm), or 4(0 (266 nm) 
of Q-switched Nd+:YAG laser. 

3.3. High-speed hole drilling 
Fabrication of a through hole in glass materials is also 

possible by LIPAA. In this experiment, a 532 nm 
wavelength beam of a 6 ns pulse width was used. The 
laser beam was incident on the sample placed in the vacuum 
chamber through an aperture of 5.0 mm in diameter and a 
focus lens. Figure 11 shows a optical microscope 
photograph of a cross section of the through hole fabricated 
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Fig. 12. Dependence of ablation depth on the distance 
between the sample and the target for LIPAA using a 
single pulse irradiation. 

in 0.5-mm-thick fused silica at laser fluence of 7.7 J/cm2 

and 300 pulses. The diameter of fabricated hole is about 
700 urn. Here we define that the rear surface corresponds 
to the side attacked by the laser-induced plasma and the 
front surface is the side where the laser beam is incident. 
A well-defined hole without large cracks was basically 
formed. The hole-drilling of Pyrex glass was also 
demonstrated and an almost similar result was obtained. 

Lee et. al. have applied the LIPAA process in the air 
using a fundamental beam of Q-switched Nd:YAG laser for 
scribing of sapphire wafers which are used as substrates for 
blue LED and LD based on GaN [20]. By scanning the 
tightly focused laser beam, the wafer can be scribed in any 
shape. 

Thus, the LIPAA is quite attractive for not only surface 
micropatterning but also high-efficiency micromachinning 
of transparent materials. 

3.4. Mechanism 
Although the mechanism of this technique is complicate 

and still unknown, we consider that ablation proceeds by 
combination of three processes, that is, influence of species 
in the plasma to the sample surface, plasma heating, and 
metal film deposition. In order to discuss the mechanism, 
dependence of ablation depth on the distance between the 
sample and the target was examined as shown in Fig. 12. 
In this experiment, a fourth harmonic of Nd:YAG laser of a 
266 nm wavelength and a 6 nm pulse width was used. The 
laser fluence was set at 6.55 J/cm2 and an only single pulse 
was supplied. At the distance shorter than 0.6 mm, 
significant ablation takes place even by single pulse 
irradiation, and the ablation depth exponentially increases 
with decreasing the distance. This fact suggests that the 
laser-induced plasma can directly contribute to ablation 

below this significant distance and its influence increases 
with decreasing the distance. We suppose the following 
two possibilities as the plasma direct interaction, i.e., (I) 
charge exchange between ions or electrons in the plasma 
and the sample surface, or (ii) transfer of kinetic or potential 
energy of ions, electrons and radicals in the plasma to the 
sample surface. Here, the kinetic energy of species are 
typically in the range of a few eV to several hundreds eV, so 
that the velocities are estimated to be 103 ~ 10" m/s for 
ions and radicals and 10s ~ 106 m/s for electrons, 
respectively. Therefore, the length of flight during the 
laser pulse duration of 6 ns is calculated to be several ~ 
several tens urn for ions and radicals and several hundreds 
(im ~ several mm for electrons, respectively. By taking 
account of the above experimental result, this estimation 
indicates that electrons in the plasma is mainly attributed to 
this process. The extremely large ablation depth at the 
distance shorter than several tens urn may be due to 
contribution of ions and radicals. The plasma heating may 
be also possible, since it causes large change in optical 
properties of the substrate such as absorption coefficient. 
On the other hand, at the distance longer than 0.6 mm, 
ablation does not take place by single pulse irradiation, 
while it was confirmed that additional pulse irradiation 
induced ablation. In this case, absorption of the laser beam 
to the metal thin film deposited on the substrate surface by 
preceding laser pulse is thought to be dominant mechanism. 

4. Conclusion 
Precision microfabrication of hard materials such as 

fused silica has been demonstrated by two kinds of hybrid 
laser processing, i.e., VUV-UV multiwavelength excitation 
process and LIPAA. 

Simultaneous irradiation of the VUV and UV beams 
presents direct microfabrication of fused silica with well- 
defined patterns, little debris deposition, and little thermal 
damage. The mechanism is attributed to the excited-state 
absorption, that is, ablation takes place by strong absorption 
of the uv laser beam to the excited-state formed by the VUV 
beam irradiation. The novel ablation technique presented 
in this paper gives some advantages to precision 
microfabrication of not only fused silica but also the other 
hard materials such as crystal quartz, sapphire, lithium 
niobate, SiC and GaN. 

In the meanwhile, LIPAA of another hybrid laser 
processing of glass materials, in which only the single 
conventional UV, visible, or IR laser led to an effective 
ablation of the transparent materials by coupling to plasma 
generated from a metal target by the same laser, was 
demonstrated. LIPAA realized surface micropatterning 
and high-speed hole drilling for the glass materials. 

Finally, we conclude that novel ablation techniques by 
hybrid laser processing have great potential for precision 
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microfabrication   of   the   hard   materials   for   practical 
applications. 
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Novel Results of Laser Precision Microfabrication with 
Excimer Lasers and Solid-State Lasers 
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Over the last decades laser technology has found the way into various industries. For microfabrication 
specifically excimer lasers have developed to powerful manufacturing tools because of their short UV 
wavelengths as well as the progress in excimer laser technology. More recently the development of 
pulsed medium-power diode-pumped solid-state lasers has opened the way to new micromachining 
applications related to the available superior beam quality. Here we review technological achievements 
in both industrialized excimer lasers and diode-pumped Nd:YAG lasers for microfabrication . Data are 
presented for industrial 308 nm excimer lasers with energy stability better than 1 % (sigma) at 300 W 
average power. Using the latest technology in 157 nm excimer lasers applications of processing of 
"difficult" materials are presented. Finally we review results on studies of microdrilling of metals and 
ceramics using a newly developed 10 kHz diode-pumped solid-state laser at wavelengths 1064 nm, 
532 nm and 355 nm. 

Keywords: excimer laser, diode-pumped solid-state UV laser, 157 nm laser, F2 laser, TFT annealing, 
micromachining, microdrilling 

1. Introduction 

The revolutionary progress in semiconductor, 
communication and information industries based on 
electronic and photonic technologies demands for the 
development and enhancement of various microfabrication 
techniques to support micro- and nano-technologies. The 
trend for "smaller size and higher speed" is evident in 
integrated microchips for computers, micro-optics and 
micro-electro-mechanical systems (MEMS). Biotechnology 
and medicine as well require micro- and nano-technological 
approaches. Ultraviolet excimer lasers and diode-pumped 
solid-state lasers play an important role in the development 
of the corresponding laser precision microfabrication 
techniques. 
In the present paper we give a short review on new 
technological achievements in 
1. High power ultra-stable 308 nm excimer lasers for 
application in thin film transistor (TFT) liquid crystal 
display (LCD) manufacturing and high precision 
microfabrication, 
2. 157 nm lasers and their application in processing of 
difficult materials, 

3.    Micro-drilling   of   metals   and   ceramics   by   newly 
developed diode-pumped solid-state lasers. 

2. High power industrial 308 nm excimer lasers with 
ultra-stable energy 

Applications as polycrystalline-silicon thin film 
transistor annealing and ink-jet nozzle drilling have been the 
main driving applications for higher average power and 
better pulse-to-pulse and long term energy stability for 
industrial excimer lasers. In strategic alliance for the TFT 
LCD manufacturing application, Japan Steel Works 
(annealer), MicroLas (optics) and Lambda Physik (laser) 
have developed a 308 nm excimer laser annealing system 
several years ago[l]. The 308 nm wavelength has been 
shown to be well matched to the annealing process and 
gives significant advantage with respect to the optics 
lifetime in the annealing system. While the early systems 
have been used for process development and small scale 
manufacturing of active matrix LCDs, today TFT annealing 
systems are on the production floor. The necessary yield for 
high volume production sets stringent demands onto the 
energy stability of the laser. Increasing sizes of the displays 
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require higher pulse energy  and higher average output 
power. 

We have developed the third and are developing the 
fourth generation of industrial lasers for excimer laser 
annealing (Lambda Physik's LAMBDA STEEL). Both 
generations differ in the output energy and average power 
available from the laser. In figure 1 the output power of both 
lasers is shown versus repetition rate. While the LAMBDA 
STEEL 670 is operated at 670 mJ, the LAMBDA STEEL 
1000 allows operation at 1 J pulse energy. With operational 
repetition rates of up to 300 Hz, the LAMBDA STEEL 1000 
is the first industrial 300 W excimer laser in the world. 

350 

300 

250 

200 

100 200 

Repetitionrate/Hz 

300 

Fig. 1 Output power versus repetition rate for the LAMBDA 
STEEL 1000 (upper) and LAMBDA STEEL 670 (lower) 
curve. 

Significant progress has been made in the improvement 
of pulse-to-pulse energy stability of both laser models. In 
figure 2 various measures of the pulse-to-pulse energy 
stability are given. The upper diagram shows the sigma 
value of the energy distribution for a continuous operation 
of the laser over 40 million pulses with the same gas fill. 
Energy stability sigma is around 0.5 %. The second diagram 
gives the normalized deviation of the maximum pulse 
energy and minimum pulse energy from average pulse 
energy for the same period of operation taken always over 
6000 pulses. The maximum energies deviate by around 2 % 
from average, minimum pulse energies are 2-3 % smaller 
than the average pulse energy. The graphics at the bottom 
gives the distribution of the output pulse energy in absolute 
values. Peak-to-peak energy stability is about 4 %. 
Accordingly, the LAMBDA STEEL laser is the most stable 
industrial high power excimer laser in the world. Its 
application in TFT annealing and microfabrication should 
allow for a new quality in the production process. 
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Fig. 2 Energy stability of the LAMBDA STEEL 670. Upper 
graph: energy stability sigma, middle: relative maximum 
and minimum energy deviations from average (6000 pulses 
sampled), bottom: distribution of pulse energies. 

3. High performance 157 nm lasers in micro-processing 
of materials 

Fluorine lasers, emitting at 157 nm, deliver the shortest 
commercially available laser wavelength. The gain medium 
excitation is similar to that used in excimer lasers, but the 
molecular laser transition gives an emission with a photon 
energy of 7.9 eV. During the last years, a lot of progress has 
been made in 157 nm laser technology at Lambda Physik. 
Advances in gas discharge and laser tube design 
(NovaTube® and DuraTube® technology) coupled with 
clean-room assembly standards have produced robust, cost 
effective, industrial-standard fluorine lasers (F2 lasers). The 
development has been driven by both the need for reliable 
industrial 157 nm sources for micromachining of difficult, 
i.e. transparent materials, as well as the microlithography 
roadmap having included 157 nm technology. According to 
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the SIA-Roadmap, the 157 nm wavelength of the F2 laser 
emission will be used for chip production with critical 
dimensions of 100 nm down to the 70 nm node [2]. 

Fluorine lasers are today available at various energy, 
repetition rate and power levels. The size of the lasers 

ranges from small portable air-cooled units to large size high 
power systems. Operating output parameters of different 
Lambda Physik laser models are summarized in table 1. 

Table 1 Output parameters of different Lambda Physik fluorine lasers 

Optex LPF 202 LPF 205 LPF 220 NovaLine F1030 
Power 0.3 W LOW 2.5 W 6.0 W 10.0 W 
Repetition Rate 200 Hz 20 Hz 50 Hz 200 Hz 1000 Hz 
Energy 1.5 mJ 50 mJ 50 mJ 30 mJ 10 mJ 

The next generation of industrial fluorine lasers is under 
development at Lambda Physik aiming for 20 W output 
power at 2 kHz repetition rate [3]. Experimental data from 
the development laboratory are shown in figure 3. 
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Output power and energy stability of an industrial 
laser  currently  under development at  Lambda 

We have investigated laser ablation of several materials, 
such as glass, PTFE/Teflon, and quartz/fused silica. In the 
experiments, we used an industrial Lambda Physik 
NovaLine F600 with 10 mJ stabilized pulse energy at pulse 
repetition rates of up to 600 Hz. In our studies, in addition to 
the 157 nm wavelength, the NovaLine F600 laser was 
operated at 193nm to compare the ablation quality. The 
fluence was adjusted to 6.5 J/cm2 by laser discharge voltage 
or external attenuation. The pulse duration of the F600 was 
8-15 ns for both wavelengths. 

A mask imaging system projected de-magnified 
illumination patterns onto samples with an objective lens. 
This method offers well-defined ablation fluences, and a 
potential order of magnitude improvement in resolution (1- 
5^m) over high intensity focal point machining. It also 
offers optical precision between features and well-defined 
edges between ablated and unexposed zones. 

Since laser radiation at 157 nm is strongly absorbed by 
oxygen and water vapor, the beam path from the output 
coupler to the lens was evacuated. A proprietary nozzle 
design purged the beam path from the objective lens to the 
sample. The samples were machined by imaging the metal 
mask with the aperture of known dimensions; computer 
controlled stages perform the motion control of the sample. 

3.1. Mieromachining of glass 
Glasses are widely used for manufacturing of visible 

optics and chemical handling equipment (lenses, lens arrays, 
microfluidic plates, etc). At the given fluences of this study, 
we were unable to machine glass to any appreciable 
resolution at wavelengths of 248 nm or above. Therefore, in 
figure 4 we show ablation results at the commonly 
employed ArF excimer wavelength of 193 nm, and in 
comparison results at the F2 wavelength of 157 nm. 

The figures show good and similar results for both 
wavelengths. In both cases there were 500 pulses applied at 
a fluence of 6.5 J/cm2. While the ablation rate was an order 
of magnitude lower for 157 nm, the surface quality is 
smoother. Therefore, applications requiring excellent 
surface quality for blind holes may find 157 nm fluorine 
laser processing advantageous. 

3.2. Processing of fused silica / quartz 
Fused silica as well as natural quartz have the benefit of 

low thermal expansion and a high melting point. Since it can 
be optically polished, it is used as a substrate material for a 
variety of optical components in applications, such as 
displays, fiber optics, and micro-optical components. A 
comparison of laser ablation of fused silica at 193 nm and 
157 nm is shown in figure 5. Working at 193 nm creates a 
lot of thermal damage, microcracking, and chipping. The 
157 nm results show clean blind holes with no thermal 
damage to the material; there is no microcracking and only a 
small amount of redeposition or distorted material at the 
edge of the hole. 
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Fig. 4 Blind holes in glass, processed at 193 nm (upper) and 
157 nm (lower) 

3.3. Ablation of PTFE/Teflon® 
PTFE is a mechanically, electrically, and chemically 

stable material. It is used in the life sciences for catheters, 
implants, etc. Its electrically insulating properties make it 
the material of choice for the electronics industry. For 
example, it is used as a high-voltage insulator between 
conductive layers in multi-layer chips and circuit boards. 

Due to Teflon's absorption characteristics, longer 
wavelengths can only machine with high fluence by 
thermally overloading the material or through multi-photon 
absorption. Even at 193 nm PTFE can not be effectively 
machined. Figure 6 shows the differences in results, 
obtained from 193 nm, and 157 nm ablation of PTFE. 
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Fig. 6 PTFE, processed at 193 nm and 157 nm 

157 nm 

Fig. 5 Fused silica, processed at 193 nm (upper) and 157 nm 
(lower) 

At 193 nm an ablation with acceptable result is possible, 
but the edge quality and the walls are still of low quality. 
Micromachining at 157 nm produces very clean results with 
no evidence of debris or thermal damage. The edges are well 
defined and sharp, and the bottom surface is very smooth. 
The ring pattern with an approximate 10 /xm period of 
undulation can be seen on the bottom surface. The pattern is 
suspected to be caused by diffractive interference in the 
illumination. 
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4. Michromaching with UV solid-state lasers 

Q-switched short-pulse (10 ns) all-solid-state lasers offer 
excellent beam quality and high power in combination with 
industrial robustness. These qualities make them potentially 
efficient sources for high throughput manufacturing of 
microstructures with characteristic sizes of 10 /xm to several 
100 pm. 

In investigations of microdrilling of materials as 
stainless steel, titanium, aluminum and ceramics, we utilized 
amplified all-solid-state system consisting of side-pumped, 
q-switched Nd:YAG oscillator (Lambda Physik's 
Gator2000) followed by diode-pumped amplifier. The 
oscillator produced 15 nsec pulses in TEM0o beam with an 
average power of 10 W at 1064 nm and nominal repetition 
rate of 10 kHz. The amplifier output was 28 W at the 
fundamental wavelength, and 15 W and 10 W at the second 
and third harmonic wavelength correspondingly. Quality of 
the amplified beam was better than 1.2 times of diffraction 
limit. 

We investigated drilling rates achievable in dependence 
of the thickness of the samples as well as the wavelength of 
the laser. A more detailed discussion of the results of these 
experiments is given elsewhere [4]. 

Figure 7 shows laser fluence dependence of the average 
ablation rate for two different values of thickness of 
stainless steel samples. In 50 nm-thick foil, ablation can be 
considered a surface ablation, since the beam diameter at the 
surface (20 to 30 Jim) is comparable to the sample thickness. 
Fast material removal begins at approximately 10 J/cm2, 
with ablation rate reaching roughly 1 urn per pulse. 
Consistently with the previous works, ablation rate increases 
only slightly as the laser fluence is increased by more than 
order of magnitude above this threshold. 

For thickness of the sample increased to 0.87 mm, the 
minimum laser fluence required to penetrate entire sample 
increases to 100 J/cm2, i.e. ten times the threshold value for 
the thin sample. Apparently, at lower laser fluence, ablation 
terminates at a certain depth, due to attenuation of the beam 
in the column of vapor and plasma that fill the hole. As the 
sample thickness approaches 1 mm, ablation rate becomes 
strongly wavelength-dependent. At the similar laser fluence, 
UV laser beam provides almost an order of magnitude faster 
drilling than ER beam. For clear comparison, Fig.3 shows 
the maximum ablation rates that we observed at laser 
fluence of 30 to 40 times of surface ablation threshold, at 
three different wavelengths. 
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Fig.7 Ablation depth per pulse in stainless steel at three laser 
wavelengths: 1064 nm ( circles ), 532 nm ( squares ), 355 nm ( 
diamonds ). Sample thickness: top: 50 nm; bottom: 870 p.m. 
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Fig.8 Comparison of average ablation depth per pulse versus 
sample thickness at three laser wavelengths. Note sharply 
increasing difference in rates for samples thicker than 0.5 mm. 

We found that the wavelength dependence of average 
ablation rate is remarkably strong for the high aspect ratio 
holes. Our conclusion is that shorter wavelength allows 
drilling significantly higher aspect ratio holes at a higher 
speed for the sample thickness exceeding 1 mm. Using the 
third harmonic the ablation rate are almost an order of 
magnitude higher than as compared to the IR laser output. 
This wavelength dependence is so strong because the beam 
has to penetrate thick layer of dense plasma, which is not 
present in drilling thin foils due to three-dimensional plume 
expansion. 

5. Conclusions 

We have summarized novel technological developments as 
well as results on precision microfabrication with excimer 
lasers and solid-state lasers. The unique properties of the 
laser sources described in the paper will open the field for 
new applications in industry. 
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Reports in 1982 of polymers ablated and etched by excimer laser radiation mark the founding of laser 
microfabrication and micromachining as technologies that in the intervening period has matured into a 
manufacturing process used by a diverse range of industries. This paper describes some of these 
industrial applications. 
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1. Introduction 
Excimer lasers are proving to be highly successful 

for fabricating industrial components with feature sizes in 
the range between 0.05 - lOOO^m'1"4' (see Fig 1). As well as 
providing a 15 year, 5 generation extension to optical 
lithography as used in the manufacture of silicon chips, 
excimer lasers are used for microfabricating many of the 
critical features in a wide variety of the electronic and 
telecommunication components that are enabling the current 
vast explosion in internet-based communications. This paper 
describes the 'state of the art' for some of these excimer 
laser microfabrication applications. 
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Fig 1. Critical feature size ranges of excimer laser 
microfabricated components 

2. Developments in deep-uv lithography 
At single-pulse fluences below the threshold for 

material ablation, KrF and ArF excimer lasers are now the 

light source of choice for performing the lithography step 
crucial to the mass production of large memory size 
integrated circuits (IC's), microprocessors and application- 
specific IC's (ASIC's). Their short wavelength allows ever- 
smaller (down to 130nm) and greater densities of devices to 
be replicated. To achieve such small features the 
performance of the stepper cameras used to replicate the 
circuit patterns from masks onto photoresist-coated silicon 
wafers has had to improve enormously in a very short time. 
Higher optical resolution using shorter wavelengths of 
illumination and increasingly larger numerical aperture 
imaging lenses has enabled smaller circuit features to be 
produced. Enlarging the image field diameter of the lens has 
also allowed larger area chips to be fabricated. 
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Fig 2. Source wavelength and CD for photolithography 
Courtesy ofS Okazaki, Hitachi Ltd 

Fig 2 shows the technology trends for photolithography light 
sources and design rule critical dimensions (CD) as used in 
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this industry. It is now believed F2 lasers producing radiation 
at 157nm will follow 193nm ArF lasers and be the favored 
light source for producing circuit features in the 60-100nm 
range required in 2004. Currently there is intensive R&D 
activity aimed towards developing suitable 157nm process 
tools and and associated technologies including high-power 
line-narrowed laser sources, transmissive optical materials, 
coatings, imaging lenses, masks, pellicles and photoresists. 

jjpjÄöö 

Fig 3. Exitech 157nm Microstepper. Courtesy of 
International Sematech 

Fig 3 shows a small field F2 laser Microstepper being used 
to carry out resist and other materials characterisation and 
development issues at 157nm. Fig 4 shows high resolution 
1:1 and isolated 130nm and 120nm lines imaged in 248nm 
resist using such a 157nm exposure tool. 

Fig 4. (a) 130nm and (b) 120nm 1:1 and isolated lines 
imaged in Shipley XP-98248-S resist using the 157nm 

Microstepper in Fig 3. Courtesy of International Sematech. 

3. Excimer laser drilling of microvia holes in circuit 
interconnection packages 
Almost as important as the rapid improvements in speed and 
memory   of   IC's   are   the   parallel   developments   in 

interconnection packaging made during the last 20 years. So 
speed, power and area (real estate) are not compromised, 
packages on which chips are mounted for connection to 
other devices have had to keep pace with the rapid advances 
made in IC's. There are now more than a dozen generic types 
of chip interconnection packages which include multichip- 
modules (MCM's), chip-scale-packages (CSP's) like ball- 
grid-arrays (BGA's), chip-on-boards (COB's), tape- 
automated-bonds (TAB's). Generally these consist of 
multilayer sandwiches of conductor-insulator-conductor with 
electrical connection between layers made by drilling small 
holes (vias) through the dielectric and metal plating metal 
down the hole. Such blind via holes provide high-speed 
connections between surface-mounted components on the 
board and underlying power and signal planes while 
minimizing valuable real estate occupation. For example, 
due to difficulties in soldering IC's with greater than -200 
pins, peripheral lead mounting packages like TAB's must be 
made larger than the chip. By placing microvia connections 
in the package at the base of the chip instead of around its 
periphery, a BGA is no larger than 20% the size of the chip. 

Drilling microvias by ablation was first investigated in the 
early 1980's using pulsed Nd:YAG and C02 lasers(5,6). 
Excimer lasers led the way in applying it to volume 
production when the Nixdorf computer plant of Siemens 
introduced polyimide ablative drilling of 80um diameter 
vias in MCM's - as used to connect silicon chips together in 
high-speed computers00. Fig 5 shows the Siemens MCM and 
the KrF laser drilled microvias in the acrylic resin-polyimide 
dielectric material. Other mainframe computer 
manufacturers such as IBM rapidly followed suite and 
installed their own production lines for this application®. 

Fig 5. KrF laser drilled microvias in MCM's. (a) Cross- 
section of 14-layer copper-plated MCM showing 80um 
diameter microvias; (b) Populated and assembled MCM 

package board. Courtesy of Siemens AG, Germany 

With fewer process steps than other methods, laser-drilling 
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is regarded as the most versatile, robust, reliable and high- 
yield technology for creating microvias in thin film 
packages. Trillions of vias have now been drilled with 
excimer lasers at yields >99.99% whose mean time between 
failure (MTBF) has been logged at > 1,000 hours. 

Interconnection densities on rigid and flexible printed circuit 
and wiring boards (PCB's, PWB's and FPC's) are also 
increasing - driving the requirement for drilling ever-smaller 
vias in these packages(9). Thus there is a demand for an ever- 
increasing packing density of interconnections - for example 
mountings in current mobile phones and camcorders have 

around 1200 interconnections/cm . Such packages have 
much lower fabrication costs than MCM's and the current 
common practice is to mechanically drill the vias. However 
as diameters decrease to < lOOum it is generally recognized 
pulsed C02 and/or Q-switched Nd:YAG lasers will displace 
mechanical drills - for such low cost packages excimer lasers 
are too slow and their running costs are too high. For these 
boards, holes must be drilled at speeds of several hundred 
per second at costs of <10/1,OOO holes. At present excimer 
lasers are only used to drill microvias in high-value packages 
such as MCM's and BGA's(10). 

4. Excimer laser drilling of ink jet printer nozzles 
Inkjet printers comprise a row of small tapered holes 

through which ink droplets are squirted onto paper. Adjacent 
to each nozzle, a tiny resistor rapidly heats and boils ink 
forcing it through the orifice. Increased printer quality is 
achieved by simultaneously reducing the nozzle diameter, 
decreasing the hole pitch and lengthening the head. 600 
dots-per-inch (dpi) printers typically have 300 nozzles each 
of 28um input diameter. 
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Fig 6. KrF laser-drilled ink jet printer nozzles in polyimide 
(a) 30|jrn diameter nozzle array; (b) Nonlinear tapered 
nozzles to aid laminar flow 

Excimer laser drilling of nozzle arrays allows manufacturers 
to produce higher performance printer heads at greater 

yields. At average yields of >99%, excimer laser mask 
projection is now routinely used for drilling arrays of 
nozzles each having identical size and wall angle(U). Figure 
6(a) shows an excimer laser drilled nozzle array in a modern 
printhead while Fig 6(b) shows nozzles with nonlinear tapers 
to aid the laminar flow of the droplet through the orifice. 
More advanced printers sometimes use piezo-actuators. 
Rather than being constrained to give shapes characteristic 
of the process, excimer laser micromachining tools with 
appropriate CNC programming can readily engineer custom- 
designed reverse-tapered, 2'/2D and 3D structures. Fig 7(a) 
shows an array with ink reservoirs machined behind each 
nozzle while Figure 7(b) shows an example of a rifled 
tapered hole which spins the droplet to aid its accuracy of 
trajectory. 
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(a) (b) 
Fig 7. KrF laser-micromachined nozzle structures in 

polyimide 

Figure 8 shows a KrF laser-based tool used for production 
drilling of ink jet printer nozzles. Mask projection is used to 
drill all the nozzles in an array simultaneously. The 
reproducibility of excimer laser drilling allows hole diameter 
tolerances of ±l\im to be achieved in volume production. 

Fig 8. Exitech M6000 ink jet printer nozzle drilling tool 
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5. Excimer laser micromachined biomedical catheters 
As in microelectronics and its associated 

technologies, the drive for increasing miniaturization with 
improved device functionality is crucial to the rapid progress 
being made in the biomedical industry02'. Precision 
microdrilling with excimer lasers is routine when making 
delicate probes used for analyzing arterial blood gases 
(ABGs)(13). ABG sensors measure the partial pressures of 
oxygen (Pa02), carbon dioxide (PaC02) and hydrogen-ion 
concentration (pH) used for monitoring the acid-base 
concentration essential for sustaining life. In intensive care 
units, ABG results are used to make decisions on patient's 
ventilator conditions and the administration of different 
drugs. The use of fiber-optic sensors for ABG analysis 
provide clinical diagnostics at the patient's bedside without 
the need for taking blood samples and doing remote 
analysis'14'. 

Fig 9(a) shows an example a ABG catheter for monitoring 
blood in prematurely borne babies. The hole at the side of 
the PVC bilumen sleeving tube through which blood is 
drawn is machined using a KrF laser. In this case the clean 
cutting capability of the laser provides the necessary rigidity 
that prevents kinking and blockage of the tube when inserted 
into the artery. 

Fig 9. Excimer laser manufacture of blood gas sensor (a) 
KrF laser-drilled hole in side of PVC bilumen catheter; 

(b) Automated reel-to-reel fibre hole-drilling system 

More important components of this catheter are the Pa02 

and PaC02 sensors. These consist of a spiral of up to five 
~50xl5um rectangular holes machined in a lOOum diameter 
acrylic (PMMA) optical fiber with an ArF laser. The holes 
are filled with a reagents whose optical transmission depend 
on the Pa02 and PaC02 levels of the surrounding blood. 
Using a fully-automated workstation shown in Figure 9(b) 
that has computer-controlled reel-to-reel fiber feeding and 
laser-firing, all five holes shown in Figure 10(a) are drilled 
in the fiber. By spatially-multiplexing a single excimer beam 
into five smaller ones, holes are drilled simultaneously 

through the fiber. 

Fig 10. (a) ArF laser-drilled holes in Pa02 and PaC02 

acrylic fibres; (b) KrF laser-stripped insulation from pH- 
sensor wire 

Preferential excimer laser etching of plastics compared to 
metals is applied to the stripping of insulation from lOOpjn 
diameter wires prior to soldering connections. The process 
relies on the threshold for excimer laser ablation of the 
polymer being much lower than for damaging the copper or 
silver core. As shown in Fig 10(b), excimer lasers are used 
to cleanly strip away the polyurethane insulation sleeving of 
wires which form the pH resistivity sensor in the ABG 
catheter above. Such pulsed laser wirestripping is also in 
widespread use for preparing connection wires to computer 
hard-disk reader heads. 

6. Excimer laser writing of Fiber Bragg Gratings 
As a means of greatly increasing the bandwidth for 

data transmission through optical fibers, wavelength division 
multiplexing (WDM) of signals is currently experiencing 
extremely rapid growth in the telecommunications sector. 
Early single-mode fibers were designed to have zero 
dispersion at 1.3um - the best source wavelength at the time. 
With ensuing improvements to laser diodes at longer 
wavelengths, modern fibers are designed to operate in the 
region of lowest attenuation in silica at 1.5pm. To double 
the bandwidth of older fibers, both wavelengths can be 
copropagated in the fiber. Until 1994, WDM for data 
transmission was limited to just these two channels at rates 
up to 2.5Gb/sec/channel. In current communication systems 
this has expanded to 16 channels and is expected to rise to 
-40 wavelengths within a year. With single-channel capacity 
also rising to ~10Gb/sec, WDM is enabling a single fiber to 
carry rates of ~160Gb/sec. Key parallel developments which 
are making WDM technology so successful are (a) stable 
output at specific wavelengths from DFB laser sources (b) 
erbium-doped fiber-amplifiers for signal regeneration 
without electronic conversion (c) external modulators for 
reducing crosstalk between signals at closely spaced 
wavelengths (d) fiber Bragg gratings (FBG's) for efficient 
separation (demultiplexing) of closely spaced wavelengths. 
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FBG's are manufactured by exposing the fiber core through 
the side cladding with a spatially-modulated intensity 

distribution from a uv laser - sometimes 2n"-harmonic cw 

Ar+, but increasingly pulsed 193 and 248nm excimer and 
266nm 4th-harmonic Nd:YAG or Nd:YLF lasers05'16'. 
Although not yet fully understood, it is believed that the uv 
light breaks oxygen-vacancy defect bonds in the (germanium 
or cerium) doped core. Liberated electrons migrate and 
retrap at other color center sites leading to permanent 
intensity-dependent changes of ~1% to the refractive index. 
The most simple and popular method for producing the 
intensity modulation is to use the pattern created by the 
interference between ±1 diffracted orders from a 
transmission phase mask designed to suppress light in the 
Oth-diffracted order. When the mask is placed close to the 
side of the fiber at average illumination intensities of 10- 

20W/cm^, gratings can be recorded in a few minutes 
depending on the photosensitivity of the fiber used. For 
reflectivity at 1.5pm wavelengths, the FBG pitch needs to be 
0.5pm. As shown in Figure 11(b), FBG's several millimeters 
in length can produce reflection filters with bandwidths 
<100GHz(<0.8nm). 

Fig 11. (a) Exitech MA500 proximity mask aligner for 
writing FBG's; (b) 0.6nm bandwidth reflection peak at 

1.6pm of 248nm written FBG 

FBG's can be used for other signal management operations 
in telecommunications. Due to the wavelength variation of 
refractive index, normally different wavelengths will travel 
at different speeds in the silica core which because its 
increasing bandwidth with distance adds noise to the signal. 
By reflecting different wavelengths from different regions, a 
chirped FBG in which the grating period changes along its 
length can be used to compensate for this dispersion. This 
application is important both for long-haul communications 
when nonlinear two-photon dispersion effects become 
important, and when using low-loss 1.5pm wavelengths in 
older 1.3pm fibers. By allowing each propagating 
wavelength to experience similar amplification 
characteristics in wide-band WDM operation, FBG's can be 

used to flatten the gain from fiber-amplifiers. In addition, 
FBG's can act as frequency and mode-selective mirrors for 
erbium fiber and diode lasers, narrow-bandwidth 
transmission filters and wavelength-selective taps for 
network monitoring. FBG's can also be used as optical 
sensors for the remote detection of local stress, strain and 
temperature in engineering and medical environments. A 
change in one or more of these properties changes the period 
of the FBG which in turn modifies its reflection properties 
for laser diode probe sources. Reflected wavelength shifts of 
<lpm at 1.5pm correspond to grating optical length changes 

of <10"6% induced by local strain and temperature 

fluctuations of <lpstrain and <0.1°C respectively. Their 
small size, corrosion resistance, chemical inertness, 
electrical nonconductivity and immunity to electromagnetic 
interference make FBG's ideal for embedding in civil 
engineering structures like buildings, bridges and dams; 
transportation systems like aircraft, trains and boats; military 
systems like sonar arrays; terrestrial intruder alarms and 
medical catheters. 

7. Excimer laser microfabrication of Micro-Electro- 
Mechanical Systems 

'Micro-electro-mechanical systems' (MEMS) bring 
together mechanical, electrical and optical technologies to 
create an integrated device that employs miniaturization to 
achieve high-complexity in a small volume(17). This 
generally involves fabricating mm-pm size structures with 
pm-nm tolerances. The success of microengineering comes 
from miniaturization and its consequences: high-sensitivity, 
short-measurement times, low-energy consumption, good- 
stability, high-reliability, self-calibration and testing. 
Microsensors detecting local parameters like pressure, flow, 
force, acceleration, temperature, humidity, chemical content 
etc, have in the last decade been engineered into the engine 
and performance management systems of cars and aircraft. 
They also provide the key to electromechanical 
microcomponents such as ink jet printer heads, gas 
chromatographs, gyroscopes, galvanometers, microactuators, 
micromotors, micro-optics etc. Devices like implantable 
drug delivery systems containing sensors, valves and control 
system with power source capable of operating for many 
years are being developed. 

Examples of the types of surfaces that can be structured by 
excimer laser ablation are shown in Figure 12. Blazed 
grating and pyramid-like structures can be readily fabricated 
on surfaces by mask-dragging techniques'18'. 
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Fig 12. KrF laser produced surfaces in polycarbonate 
produced using mask-dragging techniques. 

(a) Blazed grating (b) Pyramids 

Such methods can be used for making micro-optical surfaces 
like those shown in Fig 13. The 'black' anti-reflective 
property of the 'moth's-eye' type of surface machined on the 
Csl crystal shown in Fig 13(a) is being used to prevent ghost 
images in very large infrared optical telescopes. The 
microlens array shown in Fig 13(b) is used for shaping 
beams from laser diodes. Each lenslet in this array has a 
focal length of 1mm. 

V^Xv, 
■US 

?"r2 VV.V vV'r V 

Fig 13. Micro-optical surfaces fabricated by KrF laser 
micromachining and orthogonal mask-dragging. 
(a) Cesium Iodide far-infrared optical crystal (b) 

Polycarbonate 

Adaption of silicon lithography and etch batch-processing as 
developed by the semiconductor industry is currently the 
dominant MEMS fabrication method. However being 
restricted to just one material (silicon) surface and bulk 
etched in only 3 directions- along (110), (100) and (111) 
crystallographic-planes, other more flexible micromachining 
methods including pulsed uv-laser ablation are being 
evaluated for MEMS. The perceived advantages of uv-laser 
micromachining are many: (i) few processing steps, (iii) 
highly-flexible CNC programming of shapes for engineering 
prototyping, (iii) capable of serial and batch-mode 
production processing, (iv) no major investment required in 
large clean-room facilities and many expensive process 
tools, (v) can be applied to a wide range of polymers, 

ceramics, glasses, crystals, insulators, conductors, 
piezomaterials, biomaterials, non-planar substrates, thin and 
thick films, (vi) compatible with lithographic processes and 
photomask making. An example of a MEMS device 
fabricated by excimer laser micromachining is the biochip. 

Recent advances in personal healthcare and environmental 
monitoring have led to the development of different 
diagnostic devices that can perform a variety of analysis 
functions. The applications of such diagnostic 'chips' is 
widespread and includes food and water supplies, drug 
delivery systems, personal drug administration, DNA 
analysis, blood monitoring, cell sorters, pregnancy testing, 
etc. One of the most researched areas has been the so-called 
biofactory-on-a-chip comprising compact discrete devices 
for micro-monitoring chemical analysis in the environment 
and medical areas. 

Because of the inherent bioincompatibility of silicon, in 
general biomedical sensors must be fabricated from other 
materials. Because many biodegradable or compound 
materials are not well-suited to conventional chemical and 
plasma etching processing laser machining of these devices 
is becoming ever more important. A biochip manufactured 
using laser technology is shown in Fig 14. 

Fig 14. Biochip manufactured using excimer laser 
micromachining 

This device consists of a multilevel layout of 2V2D 
laminations of gold electrode conveyor tracks, channels and 
chambers sandwiched between insulating polymer layers. 
The process of manufacture has been presented 
elsewhere(19). In general an excimer laser is used both to 
ablate a gold layer to leave behind lOjim wide electrodes as 
well as to machine the interconnect microvia holes in a 
dielectric polymer layer. Using the process of travelling- 
wave dielectrophoresis, a simple low voltage AC power 
supply applied to the electrode structure controls the sample 
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fluidic motion. Microchannels for transporting the sample 
from the inlet ports to the analysis sites are excimer laser 
micromachined (see Fig 15). 

Fig 15. KrF laser micromachined microfluidic channels in 
polyester 

When connected to external power and optical recognition 
devices the overall dimension of the chip is 55mm x 40mm. 
With such a laser-based micromachining method all steps 
are carried out using the same tool obviating the need for 
any additional processing steps. Hence there is great 
flexibility in the design of the chip layout. 

Flat and ramped channels such as those shown in Fig 16 are 
being used for securing small cylindical objects like fiber 
optic cable. 

CXITECH LIMITED 

Fig 16. KrF laser micromachined fiber holders in polyester 

As  illustrated  in  Fig   17,  controlled  3D-structuring  of 
materials by excimer laser etching(18) can produce the basic 

Fig 17. KrF laser-machined 3D-structures in polycarbonate 
using Exitech M7000 CNC micromachining system. 

(a) Beam structure (b) Ramps, channels and bars 

building blocks of bridges, diaphragms, pits, holes, ramps, 
cantilevers, etc needed for microengineering devices like 
gyroscopes, galvanometers, gas chromatographs, 
microactuators, micromotors, etc. 

Half-tone masks comprising of variable dot size and density 
features can be used to produce images on a workpiece 
having a grey intensity scale - in a similar fashion to images 
printed in newspapers. This grey scale can be used to control 
the excimer laser etch depth. As shown in Figure 18, such 
masks can be used to produce structures like diffractive 
optical elements (DOE';s) that have 2I/2D topography. 

Fig 18. (a) Descending column staircase and (b) part of 8- 
level diffractive optical element. Produced using half-tone 

masks to control feature depth. 

Fig 19 shows examples of uv-laser micromachined 3D- 
structures in polymers which when used with the LIGA 
(from the German acronym: lithographic galvanoformung 
abformung) process of electroforming, can be replicated in 
metal - a process now known as Laser LIGA(20). Once a 
master has been made by excimer laser micromachining such 
methods allow high volumes of replica parts to be 
manufactured at low unit costs. 

Fig 19. MEMS devices fabricated by excimer laser 
micromachining. (a) KrF laser machined lOOpim fiber clamp 

(b) 470um diameter, 130(im height nickel intravascular. 
(b) Courtesy of Rutherford Appleton Laboratory 
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Already recognized by government-supported initiatives in 
Japan and the European Union, laser micromachining will be 

(211 
a key manufacturing tool in emerging nanotechnologies^   . 

The economic advantages of mass production at low unit 
cost is of the highest importance and will open up many new 
industrial application areas for excimer lasers. 
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High efficient microdrilling of silicon wafer using excimer laser 
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Drilling rate of thin silicon wafer of 50UJTI thickness was determined as a function of beam diameter and laser 
fluence of KrF excimer laser with a pulse width of approximately 30ns FMHW. Analysis of drilling process indicated 
that decreasing beam diameter and laser fluence enhanced the drilling rate with improved quality of the drilled hole .The 
extent of debris and molten particles ejected from the hole was also reduced as the laser fluence was decreased. The 
drilling rate, approximately 0.6|im per pulse at beam diameters larger than 100pm, increased significantly as the beam 
diameter decreased especially below 20pm, reaching approximately as large as 4pm per pulse at 10(jm in diameter 
under constant laser fluence. On the other hand, only very small increase in drilling rate was observed as the laser 
fluence was increased. A simple formula was derived where the drilling rate is proportional to the fourth root of the laser 
fluence and inversely proportional to the square root of the beam diameter, assuming that the silicon is removed in a 
liquid state out of the hole. 

Keywords: microdrilling, excimer laser, silicon, drilling rate 

1. Introduction 

Short pulse lasers enable precision material processing 
due to limited heat diffusion in target during the pulse 
duration. Nano second pulse lasers like excimer laser or Q- 
switched YAG laser have been applied to material 
processing including drilling, marking and patterning, 
because they are of the shortest pulse length without any 
complex and expensive equipments like pico or femto 
second pulse lasers. Although a large number of drilling 
experiments have been carried out so far, most experiments 
were made with beam diameters lager than 100pm. 

In this paper, the effects of diameter and fluence of 
laser beam on the drilling rate are systematically analyzed in 
KrF excimer laser drilling of thin silicon wafer. The 
mechanism of drilling thin silicon wafer is discussed, and a 
simple formula is drived based on a melt ejection model. 

2. Experimental setup 

Percussion drilling of silicon wafer in air was carried 
out using KrF excimer laser (wavelength 248nm, pulse 
width 30ns FMHW) with mask projection method. Circular 
holes with different diameters were drilled with the beam 
diameters from 7pm to 200pm. The experiments were 
performed in the fluences below 30J/cm2 at 5Hz. Silicon 
wafers with thickness of 20, 30 and 50pm were drilled in a 
surface of (111). The drilling rate in terms of average 
removal depth per pulse was determined from the number of 

pulse needed to drill through the wafer with given thickness. 
Scanning electron microscope was used to observe the shape 
of the drilled hole and the range of the debris deposition. 

3.      Results and discussion 

3.1 Appearance of drilled hole 
The surface appearance of the drilled hole is shown in 

Fig. l(a)(b). On the edge of the drilled hole molten area is 
observed. Around the hole both droplets of molten silicon 
with diameters of several micrometers and debris consisting 
of fine particles with nano-order sizes are deposited. 

Debris is deposited in a fine circular area around the 
drilled hole as shown in Fig 1(c). In Fig. 2 the range of the 
debris deposition is plotted against pulse energy for different 
beam diameters. It is seen that the range of the debris 
deposition is proportional to the cubic root of incident pulse 
energy regardless the beam diameter. The extent of the blast 
wave driven by the laser-induced plasma R is given by [1] 

-#' 
(1) 

where E is incident laser pulse energy and P atmospheric 
pressure. The extent of the debris deposition is proportional 
to the cubic root of the incident pulse energy, since the 
debris deposited on the target surface driven by the force 
resulted from the cooling wave of the plasma after the pulse. 
On the other hand the droplets deposit almost radially from 
the hole, but the deposition range is random. This is because 
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(a) 12J/cm2 (b) 7J/cm2 
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Fig. 1. Percussion drilling of 50um thick silicon with KrF excimer laser (x=30ns, k=248nm), beam diameter 
lOum and fluence: (a)12J/cm2, (b)7J/cm2, (c)Debris deposition. 

droplets, which are more heavier particles than debris, is less 
affected by the cooling wave. 
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The range of debris deposition as a function of 
pulse energy at different beam diameters. 

3.2 Drilling rate 
Experimental drilling rate is plotted against laser 

fluence for different beam diameters in Fig. 3. Little 
increase in drilling rate is observed as the laser fluence is 
increased at any beam diameters. Similar tendency was 
observed in drilling of metal by using YAG laser [2]. At 
higher laser fluences, molten zone around the drilled hole 
becomes larger and the opening part of the hole becomes 
more irregular in shape as shown in Fig. 1. When the laser 
fluence is increased, the excess deposited energy produces 
more amount of molten material which is difficult to be 
sustained stably. 

On the other hand, the drilling rate depends strongly 
on the beam diameter, as seen in Fig. 4 where experimental 
drilling rate is ploted vs. beam diameter at a constant fluence 
12J/cm2. The drilling rate is almost constant of 
approximately 0.6(xm per pulse at beam diameters larger 
than   100(xm.  At beam  diameters smaller than  100(xm, 

however, the drilling rate increases, as the beam diameter 
decreases. Especially, it increases rapidly at beam diameters 
below 20[im, reaching approximately up to 4p,m per pulse, 
which is as large as 7 times larger than the value for beam 
diameters larger than 100 \im. Such a strong dependence 
of drilling rate on the beam diameter has not been reported 
so far, because most laser drilling experiments have been 
carried out at beam diameters lager than lOO^im as 
aforementioned. 
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Fig.3.      Relationsip between drilling rate and laser fluence at 
different beam diameter. Dots are experimental values 
and lines are values calculated by eq.(7). 

3.3 Drilling mechanism of silicon 
In this section, the mechanism of the laser drilling is 

discussed to account for the experimental data shown in 
Figs. 3 and 4. In the previous report, the authors discussed 
the effect of laser absorption in laser induced plasma on the 
drilling rate at different beam diameters [3]. According to 
the experimental result in the previous report, the absorption 
coefficient of the plasma decreased at beam diameters laser 
than 100(im due to radial diffusion of the plasma. However 
such a significantly change in the absorption coefficient 
corresponding to Fig. 4 was not observed. This indicates 
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that the decrease in the laser absorption in plasma is not 
considered to be a main cause to increase the drilling rate as 
seen in Fig. 4. 

Droplets and debris deposited around the hole 
evidence that silicon is removed by melt ejection and 
evaporation. Then the drilling rate U is given by 

u=u„+u M (2) 
where Uu is the drilling rate by melt ejection and UE the 
drilling rate by evaporation. Melt ejection rate UM can be 
much larger than UE, because latent heat of melting is much 
smaller than that of evaporation. Thus the silicon increased 
to be drilled by only melt ejection for simply, then the 
drilling rate is related to laser fluence and beam diameter as 
follow. 
Molten layer formed in the irradiated zone is driven radially 
outside by the evaporation recoil pressure as shown in Fig. 5. 
The flow velocity of the molten layer V is related with laser 
fluence F to which the recoil pressure is proportional to the 
F. 

F<xAP = ipV2 

2 
(3) 

where p is the density of silicon and AP the evaporation 
recoil pressure over the atmospheric pressure. Assuming 
uniform plane heat source moves in a direction 
perpendicular to the heat source plane at velocity U, steady 
temperature distribution given by 

q /   Uz' 
T(z) = 

pcU 
exp (4) 

where q is power density of the absorbed laser , c specific 
heat and K thermal diffusivity and z distance from the heat 
source. Then the thickness of the molten layer ö is given by 

8 =-In 
U 

T    \ 

where   TF is evaporation 

(5) 

temperature   and   TM  molten 

temperature of silicon. The drilling velocity U driven by the 
radial flow of at velocity V is given by [4] 

jrr2U = 2jtröV (6) 
where r is radius of laser beam. Assuming that drilling rate 
per pulse d is proportional to drilling velocity U, d is given 
by 

l    l 

d = kF4r 2 
(7) 

where k is a constant, determined by atmospheric pressure, 
material specific and pulse condition. As a result drilling 
rate d is finally proportional to the fourth root of the laser 
fluence and inversely proportional to the square root of the 
beam radius. 

Melt ejection 

Drilling speed U 

Fig.5.      Schematic diagram of melt ejection of silicon 
from molten layer on laser irradiated area. 

Equation (7) indicates that drilling rate tends to 
saturate against laser fluence because of fourth root low. 
With increasing laser fluence, temperature of the molten 
silicon increases and lateral heat conduction can not be 
neglected. Therefore, molten zone around the drilled hole 
becomes larger at higher laser fluences as aforementioned. 
On the other hand, this equation also indicates that the 
drilling rate has strong dependence on beam diameter due to 
inverse relationship. Solid lines in Figs. 3 and 4 are the 
calculated values from Eq.(7). Good agreements are 
observed between experimental and calculated values in a 
wide range. It is found that the simple model can be applied 
in a wide range of beam diameter and laser fluence. 

The drilling experiments were also carried out using 
copper and polyimide. The experimental drilling rate is 
plotted against beam diameter at constant fluences in Fig. 6. 
Drilling rate of polymide, which evaporates without melting, 
is almost constant regardless beam diameter. On the other 
hand copper is seen to behave like silicon. This is thought to 
be because copper has a wide temperature range of liquid 
phase. These results evidence that strong dependence of 
drilling rate on beam diameter is caused by melt ejection. 
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4.Conclusion 

Drilling rate in thin silicon wafer using KrF excimer 
laser was investigated as a function of diameter and fluence 
of laser beam. The conclusion obtained this study can be 
summarized as follows. 
1. The drilling rate at constant fluence increases rapidly 
below 20^m in diameter reaching approximately up to 4jim 
per pulse. On the other hand it little depends on laser 
fluence. 
2. A simple formula of drilling rate was derived as a 
function of diameter and fluence of laser beam in a wide 
range based on melt ejection process. 
3. At higher laser fluence, the opening part of the hole 
becomes wider and more irregular in shape. Because excess 
fluence increases temperature of molten silicon and lateral 
heat conduction. 
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Micro-machining using Femtosecond Lasers 
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Femtosecond laser systems have been proved to be effective tools for high precision micro-machining. 
Almost all solid materials can be processed with high precision. The dependence on material properties 
like thermal conductivity, transparency, heat- or shock sensitivity is strongly reduced and no 
significant influence on the remaining bulk material is observed after ablation using femtosecond laser 
pulses. In contrast to conventional laser processing, where the achievable precision is reduced due to a 
formed liquid phase causing burr formation, the achievable precision using femtosecond pulses is only 
limited by the diffraction of the used optics. Potential applications of this technique, including the 
structuring of biodegradable polymers for cardiovascular implants, so-called stents, as well as high 
precision machining of transparent materials are presented. 

Keywords: micro-machining, micro-structures, femtosecond laser pulses, ultrashort laser pulses, 
stents, biodegradable polymers 

1.   Introduction 

Following the growing need for miniaturisation in industrial 
applications, various micro-machining processes, like 
photolithography, electrical discharge machining (EDM) or 
micro-cutting have been established in the past. However, 
nearly all of those processes are optimised for a few special 
materials. Many high-tech applications require materials, 
which are not machinable with conventional techniques, e.g. 
very hard materials (diamond, sapphire) or materials, which 
must not be heat-affected during the structuring process 
(bio-degradable polymers, amorphous metals, Shape 
Memory Alloys)[l]. 
Machining with femtosecond laser pulses (1 fs = 10"15 s) can 
overcome this lack of machining processes for sophisticated 
materials. Femtosecond laser pulses offer great flexibility in 
structuring work pieces with high precision on micrometer 
scale, while avoiding thermal influence within the bulk 
material. The variety of machinable materials comprehend 
almost all solid materials, including transparent or highly 
heat conducting solids (glass, polymers, copper). 
In contrast to conventional laser material processing, 
ablation with ultrashort pulses leads to a direct transition of 
the material into plasma, resulting in a 'cold' ablation 
without heat-affected material. Therefore, the structural size 
is not limited by thermal or mechanical damages, e.g. 
cracks, burrs and debris, but only determined by the 
diffraction limit of the used optical system [2]. 
The present and rapid development of fs-laser sources 
makes compact and reliable laser systems with sufficient 
average power output available right now. Future systems 

are designed to be even more compact and reliable. 
Therefore, femtosecond lasers have set off to enter industrial 
operation [2,3]. 

2.    Short-pulse ablation 

Conventional laser micro-machining processes are typically 
based on pulsed laser sources like excimer lasers or 
frequency converted Nd:YAG lasers, which provide laser 
pulses of 10-30 ns duration. While being irradiated, the 
material is heated up to the melting temperature and thus 
vaporised. Due to the long pulse duration, heat conduction 
and diffusion effects take place, which influence the 
surrounding material. Besides thermally initiated effects like 
shock-waves or stresses direct thermal influences can occur 
[Fig. lb]. 

Fig. 1: Thermal influences on drillings in stainless steel with 80 urn 
diameter: (a) using 120 fs laser pulses, (b) using 13 ns laser pulses 

Therefore, micro-cracking, burr formation as well as debris 
can be observed using ns-laser pulses. 
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The ablation with femtosecond laser pulses consists of the 
following two steps: First, the irradiated laser energy is 
absorbed inside the surface layer by bound and free 
electrons, which leads to excitation and ionisation of the 
material. Therefore, the electrons are heated up to very high 
temperatures up to ~105 K (10 eV). As this happens within 
some femtoseconds, the energy is only deposited into the 
electron subsystem during this period. 
Second, the rapid absorption effect is followed by energy 
transfer to the atomic subsystem. The overheated electrons 
transfer the energy to the lattice, which leads to bond 
breaking and material expansion. Thermal diffusion effects 
are negligible due to the short interaction time of some 
picoseconds. Therefore, the ablation occurs without the 
formation of burrs or heat- or shock-affected zones [Fig. la]. 
The theoretical background of fs-ablation has already been 
discussed in detail [4,5,6]. The described processes for the 
ablation of metals is similar to those of other solids 
(semiconductors, dielectrics and isolators). In metals the 
absorption is carried out by free electrons due to inverse 
bremsstrahlung (linear absorption). The electron density can 
be considered constant during the interaction time with the 
laser pulse. 
For other materials, where no free electrons are present 
(semiconductors, dielectrics, polymers, etc.), the laser 
radiation is deposited due to interband transitions, 
multiphoton and electron-impact absorption. In this case, the 
electron density changes during the laser pulse. 

3.   Applications 

Ultrashort laser pulse material processing combines minimal 
collateral damage of surrounding material with very high 
precision and broad spectra of feasible materials. The 
meaning of these advantages will be highlighted with 
several specific medical and technical applications 
presented in the following. 

3.1 Structuring of biodegradable polymers 
Apart from direct use of fs-lasers in medicine for surgery, 
for example the correction of myopia like LASIK (laser 
assisted in situ keratomileusis) [7], the structuring of 
medical implants, e.g. coronary stents, is a promising 
application with growing industrial interest [8]. 
Coronary stents are used as an minimally invasive treatment 
of arteriosclerosis, as an alternative for bypass operations. 
Since the requirements of medical implants (e.g. burr- 
freeness, x-ray opacity) are very strict, just a few materials 
are commonly used. Today, typical materials used for stents 
are stainless steel or shape memory alloys. For these 
materials chemical post-processing techniques have been 
developed to achieve the required properties. However, 
these materials are not optimal in several medical aspects 
(e.g. risk of restenosis, limited bio-compatibility etc.). 

New approaches favour stents for temporary use only, which 
necessitate bioresorbable materials like Mg-base alloys or 
special bio-polymers [Fig. 2a]. Other materials, like 
tantalum, show improved x-ray visibility [Fig. 2b]. For these 
materials, no established post-processing technique is 
available. Furthermore, most of them show strong reactions 
to thermal load. Therefore, it is essential to avoid influences 
on the remaining material in order to keep the specific 
material properties. Femtosecond pulse laser material 
processing meets the requirements of these sophisticated 
materials. 

Fig 2: Prototypes of stents made of: (a) bio-resorbable polymer, 
(b) tantalum 

3.2 Machining of Diamond 
According to the availability of high-quality synthetic 
chemical-vapour deposited (CVD) diamond, this unique 
material is being used increasingly. Diamond has 
advantageous mechanical, thermal and optical properties, 
which makes diamond a superior base for electro-optical 
devices like sensors. However, machining is still a problem 
due to its very high hardness and its natural faceted surface 
structure. 
The surface roughness, which can be about 20-50um, has to 
be improved in order to achieve optical surfaces or allow 
sufficient contact of electrodes. Fig 3a shows treated (left 
part) and natural surface of the CVD sample (right part). 
Although excimer lasers can be used for surface smoothing, 
they are more favourable, since they produce a graphitised 
surface layer. 

Fig. 3: Machining of diamond: (a) surface smoothing, (b) cutting of 
CVD- sample 

Fig. 3a shows an example, where femtosecond pulses from a 
Ti:sapphire laser were used for smoothing the surface. The 
smoothing has been carried out under an angle of incidence 
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of 45°, using a fluence of 10 J/cm2. In this case, no 
graphitisation of the surrounding area has been observed, 
neither for smoothing nor for cutting [Fig. 3b]. 
When using diamond or glass like Pyrex as a base material 
for Printed Circuits, vias for electronic contacts are required. 
Conducting lines on the waver, which are in the vicinity of 
these holes, must not be affected by the machining process. 
Drilling of diamond or glass cannot be done mechanically 
on a micrometer scale, while drilling with conventional 
lasers induces thermal stress, which causes cracks in the 
glass near to the exit of the hole. Drillings using fs laser 
pulses shows very good results regarding desired geometry, 
process quality and induced damage [Fig. 4]. 

;■ ■    ' : 

Fig. 4: (a) Drilling of glass with conical entrance, diameter 700nm 
(b) Drilling in diamond, diameter 80 urn 

Even combinations of conic or pyramidal entrances and 
cylindrical holes can be machined [Fig. 4b]. 

3.3 Metallic microstructures 
The machining of metallic structures in the micrometer 
range can be performed successfully using fs-laser pulses. 
One promising application is the machining of acceleration 
grids, to be used in streak camera tubes [Fig.5]. 

Fig. 5: Fs- machined acceleration meshes: (a) Hexagonal mesh 
with structural periodicity of 20um, (b) grid mesh. Overall 

structure size of both meshes: 11x8mm2 

Acceleration grids have to be highly transmitting for 
electrons, and still have to generate an electric field being as 
homogeneous as possible. This can be fulfilled by 
generating grids with many thin struts. However, theses fine 

struts are likely to be deformed by mechanical or thermal 
stress. 
Using ultrashort laser pulses for the structuring, despite of 
the small structural size, no burrs or deformation due to 
thermal load is present. The achieved transmission ratio of 
the grids is about 60 %. 
Even sub-wavelength structures can be generated either by 
combining the femtosecond laser with a scanning near-field 
optical microscope (SNOM) [10] or by making use of the 
well defined threshold of the femtosecond ablation process 
[11]. In this case, when choosing the peak fluence to be 
slightly above the ablation threshold, only the central part of 
the spatial Gaussian beam profile ablates the material. This 
enables one to overcome the diffraction limit and to produce 
sub-wavelength holes. 

Fig. 6: Drilling in a chrome film using a microscope objective for 
machining at a central laser wavelength of 780 nm 

Fig. 6 shows a hole drilled in a chrome film on a quartz 
carrier. These techniques allow the fabrication of sub- 
micrometer structures, for example for the repair of 
lithographic masks. 

4.    Conclusions 

Femtosecond lasers are capable of minimally invasive 
machining of various materials with very high precision. 
Machining of sophisticated materials like diamond, glass or 
biodegradable polymers has been detailed as well as the 
machining of micrometer and sub- micrometer sized 
structures in metals. It can be expected, that fs-lasers will be 
used increasingly in several micro-machining applications. 
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Conventional laser machining is based on continuous-wave or long-pulse lasers. With these lasers, 
thermal diffusion limits the accuracy and the reproducibility of the machining process. Laser-matter 
interaction is fundamentally different in the ultrafast (femtosecond) regime. This discovery has 
opened the way for generalized fine laser micromachining. 
Keywords: Micromachining, laser, ultrafast, workstation, HAZ 

1.   INTRODUCTION 
Machining materials with lasers - a technology first 

introduced in the early 1970's- is now used routinely in 
many industries. Laser m/cromachining is a more recent 
development. First demonstrated in the 1980's, 
micromachining with lasers is an evolving technology. 
Initially laser micromachining was based on continuous- 
wave or long-pulse lasers. With these "conventional" lasers, 
the heat transferred from the laser beam to the work piece 
introduces numerous restrictions that limit the precision and 
the quality of the machining process. In other words, laser 
micromachining is... well, not so micro, but rather coarse by 
today's standards. Machinists have learned ways to 
minimize the negative effects associated with heat transfer 
through various types of pre- and post-processing. These 
additional steps considerably increase the complexity and 
the cost of the machining operation. 

Most machining techniques deposit heat into the material 
that is being machined. This heat does not stay localized 
where it was deposited, but moves away in a characteristic 
time, the so-called "heat diffusion time", which is of the 
order of a few picoseconds. 

In the early nineties, scientists at the University of 
Michigan, in a group headed by Professor Gerard Mourou, 
discovered that the transfer of heat from the laser beam to 
the work piece could be defeated using ultrafast laser pulses 
instead of standard long-pulse lasers. Additionally, they 
found that machining with ultrafast laser pulses is very 
precise and highly deterministic. These discoveries opened 
the way for fine laser micromachining. 

Before looking at some samples that were machined with 
ultrafast pulses, let's first take a closer look at the way laser 
beams of differing pulsewidth interact with matter. To 
make this complex science reasonably understandable, we 
have simplified or ignored many issues. We arbitrarily 
divide the physics of how light interacts with materials into 
two time regimes - one in which the laser pulse is either 
very, very short (called ultrafast or ultrashort) and another in 
which the laser pulse is not so short (which we call "long"). 
Ultrafast, or ultrashort, means that the laser pulse has a 
duration that is somewhat less than about 10 picoseconds - 
usually some  fraction of a picosecond  (femtosecond). 

"Long" means that the pulse is longer than about 10 
picoseconds, that is, longer than the heat-diffusion time. 
These long pulse lasers may be continuous, quasi- 
continuous, or Q-switched, but in any case they are all 
generating long pulses compared to the heat-diffusion time. 

2.   MACHINING WITH LONG PULSE LASERS 
The most fundamental feature of material interaction in 

the long pulse regime is that the heat deposited by the laser 
in the material diffuses away from the work zone during the 
pulse duration, as shown in Figure 1. Technically speaking, 
the laser pulse duration is longer than the heat diffusion 
time. There are several reasons why heat diffusion is 
detrimental to the quality of the machine part: 
• Heat diffusion reduces the efficiency of the micro- 

machining process. It "sucks" energy away from the 
work spot, leaving less energy available to remove 
material. 

• Heat-diffusion reduces the temperature at the focal spot 
(the machining spot), clamping the working temperature 
not much above the melting point of the material. 
Consequently, the material is removed by depositing a 
lot of energy into the melted material, causing it to boil. 
Drops of molten material are ejected away from the 
work zone. These drops ultimately fall back onto the 
surface and contaminate the sample. Removal of these 
contaminants may be difficult. These droplets may also 
contaminate the beam delivery optics. With long pulse 
laser machining, it is very difficult to go much above the 
melting point because the energy moves away from the 
machining spot as fast as it deposited by the laser. 

• Heat-diffusion reduces the accuracy of the micro- 
machining operation. Typically, heat diffuses away 
from the focal spot (and there is plenty of heat because 
the process is inefficient!), melting an area that is larger 
than the laser spot size. Thus, while the minimum laser 
spot size might be in the range of one micron, in many 
materials it is difficult to create features with dimensions 
much smaller than a few tens of microns. 

• Heat-diffusion affects a large zone around the machining 
spot. This zone is referred to as the "heat affected zone" 
or HAZ. The heating (and subsequent cooling) waves 
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that propagate through the HAZ causes mechanical 
stress and can create microcracks in the surrounding 
material as shown in figure 2. These defects are 'frozen' 
when the material cools. In subsequent routine use, 
these cracks may cause premature device failure. A 
closely related phenomenon is the formation of a recast 
layer of material around the hole. This resolidified 
material often has a physical and/or chemical structure 
that is very different from the original material. This 
recast layer may be mechanically weak and it may break 
away from the unheated core material after some time. 

Figure 1: Light-matter interaction in the long-pulse regime 
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3.   MACHINING WITH ULTRAFAST PULSE 
LASERS 

The most fundamental feature of laser micromachining 
with ultrafast pulses is that the heat deposited by the laser 
into the material does not have time to move away from the 
work spot during the time the laser pulse is illuminating the 
material. The duration of the laser pulse is shorter than the 
heat diffusion time. 

Figure 3: Light-matter interaction in the ultrafast-pulse 
regime 
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Clearly, when micromachining with long laser pulses heat 
diffusion dominates the material removal process. This is 
associated with undesirable phenomena. Reducing, or 
eliminating, heat diffusion is therefore highly desirable. 

Figure 2; Long-pulse machining of a copper alloy aperture. 
This piece clearly shows heat-related effects (HAZ, recast, 
microcracks etc.) This item was not post-processed. 
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This regime has numerous advantages: 
• The energy does not have time to diffuse away, thus the 

efficiency of the machining process is high. 
• Because the deposited energy does not have time to 

move away from the focal spot it just piles up. As a 
result, the temperature rises almost instantly past the 
melting point of the material. In the time duration of the 
pulse the material temperature quickly rises well beyond 
even the evaporation point. The temperature climbs into 
the plasma regime. 

• Ultrafast lasers deliver incredible intensity levels. They 
can easily deliver hundreds of Terawatts per square 
centimeter at the work spot. No materials can withstand 
the forces at work at these power densities. 
Consequently, ultrafast laser pulses can machine 
anything. 

• The plasma created by ultrafast laser pulses expands 
outward, away from the work surface in a highly 
energetic gas plume. The internal forces that previously 
held the material together are vastly insufficient to 
contain this hot gas expansion. Consequently, there are 
no droplets that condense onto the surrounding material. 
Rather, material re-deposition, is there is any, is in the 
form of a very fine powder which can be easily removed. 
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Additionally, since there is no melt phase, there is no 
splattering of material onto the surrounding surface. 
Very little post-processing, if any, is required. 
Most of the energy deposited by ultrafast laser pulses is 
carried away by the expanding plasma. Consequently, 
very little heat is left behind to produce a heat-affected 
zone (HAZ). The shock effects associated with heat 
wave propagation, microcracks for example, are avoided 
even for brittle material like ceramics. 

Figure 5: Using an HCC/Clark-MXR workstation, we 
engraved 2 letters 300-micron below the surface of a 
sapphire plate. The letters are approx 100-micron tall. 

Finally we  would  like  to  briefly mention three  very 
important additional advantages associated with ultrafast 
pulse machining 
•   The interaction of ultrafast laser pulses with matter is 

highly reproducible. This makes for high quality 
micromachining with very reproducible results, shot- 
after-shot. All laser pulses (long or short) interact with a 
material through its free-electrons. The abundance, or 
absence, of free electrons determines the ultimate 
repeatability of the machining process. In metals, where 
free electrons are plentiful, the machining process is 
reproducible (but secondary effects, such as heat- 
diffusion, may create additional limitations). In 
materials with few free-electrons such as semi- 
conductors, dielectrics, and ceramics, the machining 
threshold is poorly defined, and the reproducibility of the 
process problematic. This limitation is eliminated if the 
laser pulse itself creates the required free-electrons. 
Ultrafast lasers with their huge peak power are excellent 
generator of free-electrons through multiphoton 
ionization. Consequently they can reproducibly machine 
very all materials. 

You can machine sub-micron features. The accuracy of 
the ultrafast pulse machining process is such that you 
can machine features that are better than the classical 
theoretical diffraction limit, using only the "tip" of the 
laser beam. 

Figure 6: 
silicon 

A high-quality submicron hole micromachined in 

# 

Figure 4: These three 100-micron diameter holes were 
machined in stainless steel as part of a reproducibility study. 
Accuracy was found to be of the order of 1 %. 

'rm   

•   Using ultrafast pulses you can micromachine inside 
transparent materials. Standard lasers are unable to 
machine transparent materials; the beam just propagates 
straight through the material. But ultrafast lasers 
generate peak powers so high that transparent materials 
can be machined through non-linear absorption as shown 
in figure 5. 

Figure 7; Trenches micromachined in silicon 
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4.   SOME UNIQUE ULTRAFAST MACHINING 
CASE STUDIES 

Dielectrics micromachining with ultrafast pulses offer 
some unique opportunities. For example, when machining 
glass with a Clark-MXR Model RS-2001 Ultrafast 
Workstation, you can not only ablate the material but also 
physically modified it without ablating it. For example, you 
can change its index of refraction. 

Large localized refractive index changes have been 
observed in a wide variety of glasses. This localized effect 
allows for the fabrication of two-dimensional or three- 
dimensional photonic structures through a direct-write 
process, by translation of the sample with respect to the 
focal point. This idea has been applied to the fabrication of 
optical waveguides in silicate, borosilicate, chalcogenide 
and fluoride glasses. The manufacturing threshold was 
found to vary with the glass formation. Adjusting the focal 
spot and the laser intensity allows the fabrication of 
waveguides that are by design single mode (as shown 
below), or multimode. The quality of the resulting 
waveguides is excellent. Due to the deterministic nature of 
the ultrafast pulse-matter interaction you can generate 
waveguides with walls that are well defined and optically 
smooth. The internal scattering losses are low. 

Figure 8: Profile from a single-mode waveguide 
manufactured by direct-write with femtosecond pulses 

ydmomion [microns) 

Scanning the laser spot or translating the sample along 
an axis perpendicular to the propagation direction of the 
incident light beam provides the most flexibility for writing 
planar patterns. You can produce complex structures such 
as 3D-waevguides, Y-junction splitters, couplers, and long 
period gratings. 

One of the most exciting developments associated with 
the femtosecond direct-write approach is its capability to 
write active waveguides, i.e. waveguides that exhibit gain 
when activated by the appropriate source. We have used 
one of our ultrafast micromachining workstations to 
directly-write active waveguides deep inside Nd-doped glass 
substrates.   Note   that   our  manufacturing   approach   is 

compatible with all doped glasses, including those designed 
to operate at long (infrared) wavelengths. 

Figure 9; This photography shows a series of gratings 
written in a single mode fiber. The gratings can be imprinted 
across the full fiber, or restricted to the fiber core 

r^^Kjy^c 
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5.   IN SUMMARY... 
Ultrafast pulse lasers can machine any material (and/or 

locally change their chemical or physical properties). The 
process generates no contamination to the surrounding 
material, no melt zone, no microcracks, no shock wave, no 
delamination, and no recast layer. It is highly reproducible, 
it can be used to create sub-micron features, and it can 
machine features inside transparent materials. 

This new technology is however not perfect. The 
technology that makes these laser pulses ultrafast does not 
produce very high average power. Consequently the 
throughput is often low. Additionally, the technology is 
complex. So far its commercial acceptance has been limited 
to the microelectronics industry, and for the foreseeable 
future ultrafast machining will be restricted mainly to 
applications that cannot be addressed with traditional 
machining technologies. 

Hoya Continuum and Clark-MXR are addressing these 
issues in an effort to provide turned-key solutions including 
complete workstations, more powerful ultrafast sources, and 
machining know-how needed to implement this new and 
exciting technology. 

Figure 9; HCC/Clark-MXR ultrafast workstation 
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Abstract - This paper reports a novel methodology of microfabrication particularly suitable for machining sub-millimeter 
wave components. The proposed technique entails the use of a positive photoresist (known as EPON SU-8 ™) in 
realization of E-plane components, in addition to other 3-D polymer structures such as rectangular waveguides. Because 
the micro-structure fabricated with the said photoresist can be less than ten microns thick, a high-Q E-plane circuitry of 
negligible substrate thickness can be lithographically processed to attain minimal dielectric loss. On the other hand, a 
planar whisker can be glued onto the E-plane circuits, enabling electrical contact of the small-diameter devices to be 
formed. 

But realizing non-planar structures with parametric variation in thickness is not lithographically trivial, adding the fact 
that the waveguide flanges can only be machined mechanically at the time of this writing. As such, the authors suggest 
that an oversized waveguide channel and standard flange interfaces be first mechanically milled onto a metal block. The 
components to be processed with the said photoresist are then directly fabricated onto the oversized waveguide channel, 
in such a way that their interfaces to other standard waveguides can be maintained without loss of geometrical accuracy. 

In this paper, the basic fabrication procedures are first described, with formulae given on some design criteria. Laser 
Direct Imaging as applied to processing of SU-8 based submillimeter wave components are discussed, with particular 
reference given to the technical considerations as found from our recent experimental evidence. Measurements will be 
given to further substantiate this presentation. 

I. Introduction 

Miicromachining are now gaining attention in the field of 
terahertz engineering. Waveguides and other non-planar 
transmission lines are commonly in use for this frequency 
band. But mechanically machining components operating at 
frequencies higher than 150 Ghz is not technically easy. As 
such, some current micromachining techniques are being 
employed in production of submillimeter wave components. 
The considerations of high-frequency transmission typically 
include, but not limited to, a) transmission losses and b) 
feasibility of integrating active devices. Although 
waveguide is a low-loss transmission medium, it is also an 
inflexible medium for integrating active devices. One 
solution to this problem is to incorporate a printed circuit 
containing the active device(s) into the E-plane of the 
waveguide. In so doing the devices to be integrated can be 
wire-bonded directly to the E-plane printed circuit, which 
connects the waveguide through a waveguide-to-finline 
transition. Figure 1 shows an example of E-plane circuits 
commonly used in submillimeter wave applications. 

Among a handful of the micromachining techniques, the 
most commonly employed is perhaps silicon-etching. In 
silicon-etching, micro-features are 2-dimensionally etched 
until the full waveguides are structurally formed. Silicon- 
etching can be employed to form the rectangular waveguide 

structures. But etching a non-orthogonal structure, such as 
an horn with a parabolic surface, is not as straightforward as 
milling by a numerically controlled machine. 

Figure 1. An Example E-plane Circuit 

A few years back, some authors [1] have suggested the use 
of an ultra-thick photoresist (known as SU-8) to 
lithographically fabricate a waveguide for submillimeter 
wave frequencies. SU-8 is a photosensitive epoxy that can 
be hardened when exposed to ultra-violet light for 
sufficiently long. Therefore, it is possible to lithographically 
fabricate small micro-features. But because SU-8 is not a 
conducting material, the fabricated structure needs be 
coated with a layer of good conductor. The problem of this 
technique is that the said photoresist can be structurally 
deformed by heat before it is exposed to ultra-violet light. In 
addition, this technique has not addressed the issue of 
standard waveguide flanging and the feasibility of 
integrating active devices into a waveguiding system. 
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This paper presents a technique of microfabrication that is 
also based on the said photoresist, SU-8, but which tackles 
the problems previously discussed. Certain formulae are 
given to justify some design criteria. Finally, we discuss the 
feasibility of the use of Laser Direct Imaging to speed up 
fabrication of printed waveguides. 

II. Technical Considerations 

As mentioned earlier, one of the typical concerns of 
realization of submillimeter wave components is 
minimization of transmission losses. The transmission 
losses can be caused by waveguide discontinuities, 
dielectric losses and skin effect. The source of waveguide 
discontinuities can be surface roughness, and the thickness 
of the E-plane dielectric substrate. If x-axis is the axis 
along the substrate surface, the surface roughness can be 
expressed as effective surface profile , given as 

8(x)eff = tf-TJxplo P S(x)dx 

(1) 
where xP\s the periodicity along the x-direction. The 

higher the operating frequency is, the more critical the 
surface roughness becomes. Processing SU-8 does not 
require surface treatments in general. An optically smooth 
surface is guaranteed if the hot-plate baking the SU-8 
sample is not under mechanical disturbance. 

As mentioned earlier, the transmission loss of the 
waveguide is directly associated with the thickness of the E- 
plane dielectric substrate. In general, the attenuation is 
given by: 

a = K —   Nepers / mm 

(2) 
where S is the substrate thickness of the E-plane circuit, 
X is the guide wavelength and K is a proportional constant. 
In other words, if the E-plane is made with SU-8, the 
thickness the SU-8 substrate should be minimized. 

By skin effect, the RF current is concentrated in a layer 
directly below the conductor surface. In flat, infinitely thick 
conductors, the current density J is given by 
J(x) = J0 exp(-;c(r + j) 16). is the skin depth given as 

Ö = Jpitfß (3) 

where ß is the permeability of the conductor material. / is 

the operating frequency. In general, the skin depth is smaller 
for higher operating frequencies. For a good conductor, 
one micron in thickness is equivalent to a few skin-depths at 
submillimeter wave frequencies. 

HI. Microfabrication Technique 

Our micromachining technique entails two parts: a) 
microfabrication of rectangular waveguide housing; b) 
microfabrication of the E-plane printed circuits that are to 
be embedded into the waveguide housing of part a). What 
follows is a description of the basic fabrication procedures 
for the waveguide housing and the E-plane printed circuits. 

a) Microfabrication Procedures of Waveguides 

This section presents the procedures required to fabricate an 
SU-8 based waveguide for sub-millimeter applications. In 
realization of 3-D polymer structures such as rectangular 
waveguides, it is possible to lithographically process the 
waveguide features directly onto an oversized waveguide 
channel of a metal block. In so doing, we can use the depth 
of the oversized channel to control the SU-8 layer thickness, 
thus avoiding any inaccuracy in thickness due to inaccurate 
spin speed of the spinner and premature melting by heat. 
The support of the concave oversize channel also eliminates 
the need for an ultra-thick photoresist as opposed to the 
technique proposed in [1]. In addition, since the metal block 
itself has been machined with all the standard waveguide 
flanges, the fabricated waveguide can still be connected 
easily to other components through the standard flanges. 

Basic Procedures of Processing a SU-8 Based Waveguides 

Step 1. Mill a metal block with the required standard flange 
interfaces and an oversized waveguide channel (so called 
pocket). See figure 2.1. 

Step 2. Apply the SU-8 photoresist onto the oversized 
waveguide channel until the SU-8 photoresist is just full, as 
shown in figure 2.2. 

Step 3. Pre-bake the whole metal block together with the 
SU-8 photoresist as done in step 2, until the SU-8 liquid 
becomes sufficiently runny. Then let it cool down until the 
SU-8 photoresist changes to solid. With a solid SU-8 
photoresist structure embedded into the oversized 
waveguide channel, expose 2-D waveguide features to ultra- 
violet light for around 6 minutes, using a photomask. Then 
post-bake the SU-8 filled metal block for a few minutes to 
further harden the sample. Finally, remove unwanted SU-8 
patterns with SU-8 developer for around a few ten minutes. 
After this step, the required waveguide features will be 
structurally formed, as shown in figure 2.3. 

Step 4. Hardbake the newly developed waveguide structure 
for at least one hour to completely harden the waveguide 
structure. Then, sputter a layer of good conductor onto the 
inner lining of the waveguide channels. 

S-parameters of the SU-8 based waveguide have been 
measured. The Sll, which is used to determine the 
electrical reflection of transmitted signal,  was found to be 
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below -20 dB for the whole W-band, indicating that the 
waveguide discontinuity problem is insignificant. 

Oversized "Waveguide Channel 

Metal Block With  Standard 
Planges 

Figure 2.1 A Metal Block, with An Oversized Waveguide Channel 

STJ-8 in liquid Fonn 

Figure 2.2 Oversized Waveguide Channel Filled with SU-8 

tesl2 
Set May 27 23:33:57 2000 

Figure 2.3. Metal Block with the Required Waveguide Channel 

b) Microfabrication Procedures ofE-plane Components 

This section presents the procedures necessary to process an 
E-plane component using SU-8, which is to be incorporated 
into the waveguide realized in part a.    As discussed in 

section II, the thickness of the dielectric backing S should 
be minimized. The layer for this E-plane dielectric support 
will be realized by spinninh on SU-8 at high speed onto a 
smooth surface. The metalization on printed circuits of the 
E-plane is to be thickened to around one micron. 

Basic Procedures of Processing a SU-8 Based E-plane 
Circuits 

Step 1. First evaporate a thin layer of silver as a sacrificial 
layer to one side of a glass slide. This thickness of the 
sacrificial silver layer is not important. Then evaporate the 
metalization pattern of the printed circuit directly onto the 
surface of sacrificial layer done in Step 2, preferably in gold 
or copper. See figure 3.1. 

Mcaiuahcn oftbt Prmifd Citi* 
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Figure 3.1. A Glass Slide with Metalization Pattern On the Silver Coated 
Surface 

Step 2. Spin on SU-8 onto the surface with the metalization 
pattern. The thickness of the SU-8 layer should be 
minimized to no more than 50 microns, thus minimizing the 
attenuation as given in (3). See figure 3.2. 

Step 3. Pre-bake the sample obtained from Step 3 at 100 
degree C for around 10 minutes. Then, expose the wanted 
area to ultra-violet light for about 2 minutes, using a mask. 
Following the UV light exposure, post-bake the sample for 
another 10 minutes at 100 degree C. By soaking the 
sample to the SU-8 developer, the unexposed SU-8 
photoresist will be developed away, leaving the sample as 
shown in figure 3.3. 

Step 4. Soak the sample into iron III nitride solution to etch 
away the silver sacrificial layer and to remove the glass 
slide. 

The measured S-parameters, as shown in figure 3.4 in the 
end of the paper, suggest that the E-plane circuits realized 
with this technique are of very low transmission loss and 
suffers from very little discontinuity problem. The 
measured S21 (or SI2), which indicates the loss between 
two ports, is no more than 0.6 dB, whereas the Sll (or 
S22) is below -15 dB for the whole band. 

Figure 3.2 Metalization Pattern, topped with an SU-8 layer. 
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Figure 3.3. The Appearance of the Sample after Step 3 

III. Feasibility of Fabrication by Laser Direct Imaging 

Laser Direct Imaging, LDI, is currently being used for 
production of printed circuit boards. In LDI, the laser 
directly raster-scans the metalization pattern onto the 
photoresist covering a copper-clad substrate, without the 
need for a photo-mask. Since the metalization patterns of 
waveguides are not much different from those of high- 
resolution printed circuits, it appears the working principal 
of LDI can similarily be applied to production of printed 
waveguides. This appears to be particularly true if the LDI 
system is based on an ultra-violet laser. Experiment has 
been done to investigate the feasibility of using LDI on 
processing of SU-8, based on our home-made visible laser. 
Our experimental evidence suggests that production of 
waveguides by direct laser writing is technically possible 
with minor considerations. What follows are the 
considerations about application of LDI to microfabrication 
of submillimeter wave components, according to our 
findings. 

Feature sizes drawn by current LDI systems may be down to 
50 microns. In terms of the wavelength requirements, this 
resolution may be adequate for submillimeter wave 
applications. Due to the bitmap nature of the LDI images 
and other raster effects, however, surface roughness can be 
generated in the waveguide housing, which affect the 
transmission efficiency when the operating frequency is 
high. 

Before exposure to ultra-violet light, any thermal effects can 
deform the SU-8 sample. Direct writing of the metalization 
pattern by LDI can thermally shock the pattern if the laser 
generates heat to the SU-8 sample. 

One solution to this problem is to use a transparent sheet as 
a thermal isolation layer to protect the SU-8 sample from 
pre-mature deformation. At the time of this writing, the 
photosensitivity of femtosecond laser in SU-8 has not been 
identified. But femtosecond laser can eliminate heat flow to 
surrounding material, as opposed to other longer pulsed 
laser. Therefore, imaging with femtosecond laser can 
potentially avoid the problem of premature thermal 
deformation of the SU-8 sample. 

IV. Conclusions 

This paper has demonstrated, with measured S-parameters, 
a feasible technique of microfabrication of millimeter wave 
and submillimeter wave components, with a positive 
photoresist, known as SU-8. Our experimental evidence 
also suggests that the working principal of laser direct 
imaging can be applied to microfabrication of waveguide 
using SU-8. 
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In these few years, telecommunication appliances, for example cellular mobile telephone and mobile 
computer, have been becoming smaller and lighter. In addition they have been equipped with higher 
performances. Stepping with that progress, the technologies about integrated circuits, electrical 
components, battery and display devices that are used in those equipment mentioned before have been 
developing successfully. In the field of multi-layer printed wiring board, many efforts have been made 
to drill smaller size via holes in order to minimize the size of wiring pattern. Especially laser micro 
drilling technology that has been expected to be able to overcome the conventional mechanical drilling 
technology has been spread rapidly into the factory mainly in Japanese market since 1996. As a result, 
the typical size of the via hole diameter has become 100 to 200 micrometer from 300 to 400 
micrometer and the structure of multi-layer has been changed from through-hole structure to inner via 
hole structure. 
Laser micro hole drilling technology nowadays including the "ALIVH", which is the name of the 
printed wiring board that Matsushita has developed, and the survey of the next generation laser drilling 
technology will be presented. 

Key ward: laser drilling, via-hole, printed wiring board, ALIVH, C02 laser, YAG laser, THG 

1. Introduction 
In these several years, mobile telecommunication 

equipment has spread widely in the market. Especially the 
cellular phone has rapidly increasing in number. Figure 1. 
shows the change in the market size of cellular phone in the 
world [1]. In 1998 the market grew at 53.8% and it has 
continued to grow at about 6% per year. 
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Figure 1. World wide market of cellular phone 
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Figure 2. shows the growth of Japanese market[2]. It also 
showed the big growth at 30% in 1998 and has been 
growing at 10-20% every year. 
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Figure 2. Japanese market of cellular phone 
(2000-2004: predicted) 

Towed by the expansion of the cellular phone market, the 
sales of multi-layered printed wiring board(PWB) with high 
packaging density has also grown rapidly. Figure 3. shows 
the worldwide market of multi-layered PWB with high 
packaging density[3]. In 2003 the revenue will be expected 
to become $3 billion. And 27.5% of the total revenue will be 
occupied by cellular phone use. 

In order to meet the consumer's requirement for lighter and 
smaller mobile equipment, the development of higher 
packaging density PWB has been pushed forward by the 
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manufacturers in Japan. According to the improvement in 
the wiring density, smaller size via-holes drilling technology 
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has been needed. Laser via-hole drilling technology has been 
able to be the substitute for conventional mechanical drilling 
method. 

The advantages of laser via-hole drilling compared to 
another two processes are the drilling speed, flexibility for 
the variety of wiring pattern, and the ability to drill relatively 
smaller diameter via-holes. 
Matsushita Electric Industrial started to develop the laser 
via-hole drilling technology in 1991 concurrently with the 
development of our innovated PWB dubbed "ALIVH" (Any 
Layer Inner Via Hole). ALIVH has been into the market 
since 1996 and has represented an epoch-making advance in 
the development of PWB up to the present. 

This paper presents the development of C02 laser drilling 
technology for ALIVH and discusses the post-C02 laser 
drilling technology for next-coming higher packaging 
density PWB. 

2. Development ofC02 laser via-hole drilling technology 
for ALIVH 

2.1 Features of ALIVH structure 

Figure 4. shows the conventional through hole structure 
and the ALIVH IVH(Inner Via Hole)structure. Conventional 
through hole structure multi-layered PWB do not permit 
mounting of components on top of through hole, so down- 
sizing is restricted. In addition, because through holes 
become obstacles for wiring design, the length of wires is 
hard to minimize. 

On the other hand, ALIVH IVH structure does not have 
any through hole. Instead, the arbitrary layers are electrically 
connected only by IVH. Thus the high density mounting of 
components, which was impossible with the conventional 

through hole structure, has become a reality. Packaging 
density of ALIVH has become higher by 

TH Structure AL IVH Structure | 

ALIVH: Any Layer IVH 

Down Sizing and High Package density 

Easy to Design 

 High Speed  

Figure 4. Conventional through hole structure 
and ALIVH IVH structure 

approximately 30 to 50%. The more, due to the any layer 
IVH structure, wiring capability has been greatly improved. 
Total designing time has been able to be reduce by 20 to 
50%. 

2.2 The main subjects for developing ALIVH 

Figure 5. shows three main subjects for developing ALIVH. 
Laminates material is Matsushita's original non-woven 
aramid with epoxy resin. The base material made of non- 
woven aramid is lighter and stronger compared to commonly 
used woven glass material. Another advantage of this 
material is that the laser energy threshold is lower than that 
of woven glass material. Aramid is very easy to drill by C02 

laser, and this is one and important reason for us to adopt the 
material. 
Inner via holes of ALIVH are processed with C02 laser 
drilling method. C02 laser drilling could drill under 200 
micron diameter holes with much higher speed compared to 
mechanical drilling even in 1993. 

Concept of "ALIVH™" 

Interconnection Technique Via Hole Processing 
Conductive Paste 

Copper -Epoxy 

CO; Laser Drilling 
150pm diameter 

Laminates Material 
Nonwoven Aramid Epoxy 

High Thermal Resistance 
Low  i 
Low-CTE  

Figure 5. Concept of ALIVH development 
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Conductive paste has been developed for interconnection, as 
a replacement for conventional copper plating. By filling via 
holes with this conductive paste and laminating the multi- 
layers by the stack method, ALIVH structure has been 
completed. 

2.3 The main feature of laser via-hole drilling technology 

Figure 6. shows the schematic illustration of laser via-hole 
drilling equipment for ALIVH. Three main features of laser 
drilling equipment for ALIVH are the drilling speed, small 
size drilled holes, and laser irradiation positioning accuracy. 
In order to get the high speed laser drilling, Matsushita have 
been the first to develop the C02 laser scanning units with 
galvanometer scanner and large size scan lens made of ZnSe 
for via-hole drilling. To improve the productivity per unit 
area, we have taken two scanning units on a laser drilling 
equipment at the first stage of our development, and we 
could double the productivity. 

splitter 

Panels 

Figure 6. Schematic illustration of laser via-hole 
drilling equipment 

Figure 7. shows the cross section and ray trace of the scan 
lens. In case of designing the scan lens, we have to consider 
that the laser beam should be irradiated perpendicular to the 
substrate. If not, the circularity of the via-holes changes in 
place and we cannot get the uniform and small diameter via- 
holes. We have accomplished the via-holes circularity of 
over 90% and the small via-hole diameter of about 100 
micron using scan lens with 101.6mm focusing length. 
When we use the galvanometer scanning units in order to 

position the laser beam, we cannot expect the absolute 
positioning accuracy without correcting the error caused by 
optical distortion, laser beam miss-alinement, and slight 
rotation between 2-axis galvanometer coordinates and 2-axis 
X-Y stage coordinates. Figure 8. shows the schematic 
illustration of the error collecting method. Positioning error 
are measured by the inspection equipment exclusively 
developed for ALIVH and according to the results of 

measurement it is corrected numerically. 
Figure 9. is an example of position error spread diagram. 
Each   dot   shows   an   error   from   the   correct   position. 
Positioning error is within 30 micrometer. 

Figure 7. Cross section of the scan lens 
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Figure 8. Schematic illustration of the 
error correcting method 
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Figure 9. Positioning error spread diagram 
of laser drilled via-holes 
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The mass production of ALIVH has started in 1996. Now, 
ALIVH has occupied the 60% of cellular phone market.[4] 
And a number of laser via-hole drilling equipment have been 
operating continuously almost 24 hours a day and over 300 
days a year. The equipment for mass production have been 
provided several functions to keep the process stable. The 
processing dust collector is important to keep the surface of 
substrates clean. Laser pulse monitoring unit is also 
important to keep watching if the output power of laser 
oscillator changes or not. 

C02 laser via-hole drilling technology has already become 
the standard manufacturing process of the PWB industry 
within an amazingly a short period. It took just 4 years since 
the first mass production of laser via-hole drilled PWB 
started. 
On the other hand, the packaging technology of Integrated 
Circuit (IC) has made remarkable progress within these 4 
years. Chip Size Package (CSP), Ball Grid Array (BGA) and 
Multi Chip Module (MCM) have already been realities. And 
the market requires the PWB industry to meet much higher 
wiring density for IC packaging. And thus, much smaller 
via-hole diameter has been needed inevitably. Figure 10. 
shows the predicted via-hole diameter from year 2000 to 
2010.[5] Via-hole diameter will reach 25 micrometer with 
laser drilling as well as with photo process, and 100 
micrometer with mechanical drilling. 
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Figure 10. Predicted via-hole diameter in 
high packaging density PWB 

3. Post-C02 laser via-hole drilling 

The ordinary wavelength of C02 laser is 9.3 micrometer or 
10.6 micrometer. So it is not suitable for drilling via-holes 
under the diameter of 50 micrometer. Figure 11. shows the 
calculated C02 laser beam focusing spot diameter assuming 
the mask imaging optics. Using 0.5 mm diameter mask, it is 

possible to make under 50 micrometer image, but it's not 
practical. So we need shorter wavelength laser which can be 
focused smaller than C02 laser . 

We can find out that kind of laser in the group of solid-state 
lasers and excimer lasers. In this paper solid-state laser that 
is suitable for focusing applications will be discussed. 
Figure 12. shows the optical transparency vs. wavelength for 

10 20        30 40 
Magnification of mask imaging 

50 

Figurel 1. Calculated focused spot size of C02 laser 
as a function of mask imaging magnitude 

various kind of resin films. According to this figure, laser 
beam absorption for most films seems to increase at and 
under the wavelength of Third Harmonics of YAG laser 
(THG-YAG). (Wavelength of THG-YAG is 355nm.) 

350 1150 550        750       950 
Wavelength (rim) 

Figure 12. Optical transmission as a function of 
wavelength for several kind of resin films 
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THG-YAG laser drilled via-holes on polyimide film with 
100,200,300Aim hole space is shown in Figure 13. A hole's 
diameter is 50 micrometer, and the Hear Affected 
Zone(HAZ) observed is small. 

Figure 13 . THG-YAG laser drilled via-holes on PI film 

The aspect ratio (taper) of THG-YAG laser drilled blind 
holes as a function of the number of laser irradiation is 
shown in Figure 14. and Figure 15. Shorter wavelength 
laser is likely to absorb on the surface of the substrate and 
not to penetrate into the material, so it needs a number of 
laser shots in order to drill a hole. This is the disadvantage to 
be solved to improve the productivity of shorter wavelength 
laser via-hole drilling process. 

^M 
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Figure 14. Blind via-hole on epoxy resin 
by THG-YAG laser drilling 

10     20     30    40    50     60 
Number of laser shots 

Figure 15. Ratio of exit hole diameter by entrance 
hole diameter as a function of the number 
of laser shot 

The pulse duration of typical THG-YAG is about 10 to 100 
ns. In this pulse width condition, a portion of the laser 
drilling is likely to be the thermal process. 
When the mode of laser beam is kept good, laser beam can 
be focused to the small spot and the intensity becomes 
higher enough to cause the ablation process. But once the 
mode has been degraded, laser beam cannot be focused 
enough. So that HAZ around the drilled hole is enlarged. 
Figure 16. shows the effect of THG-YAG laser beam mode 
on HAZ around the drilled hole. 

without HAZ with HAZ 

Figure 16. Effect of laser beam mode on HAZ 
around the via-hole 

Femto-second laser has still been in scientific region, but it's 
ultra-short laser pulse scarcely generate the HAZ around the 
drilled hole. If we need to get the via-holes with best quality, 
ultra-short pulse laser drilling must be one of the best 
process. Figure 17. shows the femto-second laser trepanning 
process. In this case, the substrate has been trepanned 
around to cut off after four times round pass. And the HAZ 
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around the hole does not find at all. 

Second round 

Third round Forth round 

Figure 17. Process of laser trepanning with Ultra-short 
pulse solid-state laser 

Figure 18. shows the trepanning results on the material of 
woven glass with epoxy. We can also see the drilled hole 
with good quality. 

r«wi 

In north America and Europe, down-sizing of cellular phone 
seemed not to have been investigated eagerly, and higher 
packaging density PWB has not been widely spread into the 
market. 
In the north American market, higher packaging density 
PWB has been introduced only 15% of cellular phones. 
In European market, they have been introduced only 16% of 
cellular phone. 
But nowadays, internet access with cellular phone has been 
taken as a matter of course. And the next year, cellular 
phone will be used as the visual data terminal. In that case, 
cellular phone must be equipped higher performance than 
before  and  higher  performance  PWB  will  be  needed 
necessarily. 
In the following few years, C02 laser via-hole drilling 
technology for multi-layered PWB is expected to spread in 
the world. And it will depend on the improvement of 
productivity   whether   post-C02   laser   via-hole   drilling 
technology would be succeed as well as C02 laser drilling or 
not. 
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(Electronics Mounting Technology Load-map 2010 

Figure 18. Trepanning on glass-epoxy substrate 
with ultra-short pulse laser 

4. Summary 

Matsushita Electric Industrial has developed the original 
any layer inner via-hole PWB ALIVH and C02 laser via- 
hole drilling technology concurrently. ALIVH has already 
been mass-produced and has been applied mainly for 
cellular phone. C02 laser via-hole drilling technology has 
spread widely into the Japanese PWB industry and has been 
established the position as the standard PWB process. 
Japanese market has gone a head in putting the higher 
packaging density multi-layered PWB to the use of cellular 
phone. Higher packaging density PWB has been introduced 
into 73% of cellular phones. 
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One of the most important technical driving forces for IC manufacturing is lithography. IC 
manufacturing equipment is required to work in severe full-time operation, such as 24 hours a day and 7 
days a week. KrF laser, however, has established its status, and has proven the applicability of excimer 
laser itself. 

The transition from super high pressure mercury lamp (i-line: 365nm) to KrF laser was a natural 
trend, because the resolution is improved proportionally with shorter wavelength. Practical resolution is 
now said to attain half the wavelength, using high NA optics and imaging "tricks", such as phase 
shifting masks, oblique illumination, etc. At present, 130nm resolution is pursued using a KrF laser and 
a projection lens whose NA is nearly 0.7. 

ArF laser lithography is also under extensive development. In the initial stage, it has proven 120nm 
resolution with an NA 0.6 projection lens, and now aims at lOOnm resolution of 4G-bit DRAM as the 
next generation. The light source development always comes first in lithography, and F2 laser 
technology is now paid much attention. 

Keywords: microlithography, excimer laser, KrF laser, ArF laser, F2 laser, resolution, 
semiconductor manufacturing, 

1. INTRODUCTION 

Laser microlithography has been paid much attention 
since the age of contact printing. Practical KrF micro- 
lithogrpahy was first presented by V. Pol in 1987 [1]. It 
took, however, nearly ten years that KrF laser lithography 
was introduced in real production. 

Microithography involves wide variety of technologies, 
such as optical systems, resists, optical materials and light 
sources. The development of super-resolution technology 
might have postponed the age of KrF lithography, but it is 
true that each basic technology was far from maturity at the 
start of 1990s. The ten years were devoted to develop not 
only the exposure apparatus, but also many peripheral items 
like lasers and resists. 

This paper deals with the background of the laser 
microlithography, and explains the contemporary status for 
each laser exposure system. 

2. Background of laser microlithography 

There exist various items that promote the remarkable 
progress of semiconductor industry, and microlithography is 
recognized as one of the most important technical driving 

forces. In semiconductor industry, ITRS (International 
Technology Roadmap for Semiconductor) committee 
proposes the target specification for the next ten years to 
come. Fig.l shows a part of the recent ITRS roadmap. There 
has been a golden rule that the technology node of fine 
patterns has been reduced 70% per 3 years, but its 
acceleration is now discussed. 

Year                  |   1999 2000 2001 2002 2003 2004 2005 2008 

Technology Generation   |   180 130 100 70 
DRAM 

Half pitch 180 165 150 130 120 110 100 70 
Contacts 200 185 170 150 145 140 130 100 

Overiay ( m+3 a) 65 58 52 45 42 38 35 25 
CD control(37) 18 17 15 13 12 11 10 ■7   , 

MPU 
Hall pitch 230 210 180 160 145 130 115 80 

Gate lengthen mist) 140 120 100 90 80 70 65 45 
Gate lengttxpost Met 140 120 100 90 80 70 65 45 

Contacts^ resist) 230 210 180 160 145 130 115 80 
CD corrtrol(3;) 14 12 10 9 8 7 6 4 

ASIC (SoC) 
Half pitch 230 210 180 160 145 130 115 80 

Gate lengthen resist) 180 165 150 130 120 110 100 70 
Gate lengttxpost etet 180 165 150 130 120 110 100 70 

Contactain resist) 230 210 180 160 145 130 115 80 
CD control(3o)    1    23 21 19 16 15 13 12 7 

Minimum feature size     \    90 80 70 65 55 50 45 33 
(unit: nm) 

Fig.l ITRS Lithography Roadmap('99) 
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The key factor for fine line patterning is the development 
of exposure apparatus including lasers. Three major items 
of exposure apparatus are resolution, overlay (alignment) 
accuracy and cost of ownership (throughput). Above all, 
resolution capability always comes first. Though KrF laser 
system gives expensive cost, the strong requirement for 
higher resolution has made its introduction possible. 

Resolution capability is known to be expressed through 
the well known Rayleigh's equations. Minimum resolution 
linewidth RP and depth of focus DoF can be expressed as 
follows: 

RP=k,A/NA 
DoF=k2A/NA2 

where A is exposure wavelength, NA is the numerical 
aperture of the projection optics and k, and k2 are 
proportional constants which correspond to process 
parameters. The royal way to enhance resolution is to make 
the value of A /NA smaller, and it shows the direction of 
larger NA and shorter wavelengths 

Resolution (nm) 
NA 250 200 180 150 130 110 100 90 80 70 

KrF 0.60 

0.65 

0.70 

0.7S 

0.80 

0.60 

0.65 

0.48 0.44 036 031 037 034 032 0.19 0.17 

0.52 0.47 0.39 034 

037 

039 036 

038 

034 031 0.18 

0.70 

0.76 

0.56 0.51 0.42 031 035 033 030 

0.60 0.54 0.45 039 033 

035 

030 

032 

037 

039 

034 031 

033 0.81 0.64 0.58 0.48 0.42 036 

ArF 0.60 0.78 0.62 0.56 0.47 0.40 034 031 038 035 032 

0.65 0.84 0.67 0.61 0.50 0.44 037 034 030 037 034 

0.70 

0.75 

0.80 

0.91 

0.97 

0.72 

0.78 

0.65 0.54 

0.58 

0.47 0.40 

0.43 

036 

039 

033 

035 

039 035 

037 0.70 0.50 031 

1.03 0.83 0.74 0.62 öS» Ö.46 i 0.41 037 033 039 

F2 0.60 

0.65 

0.96 0.76 0.69 0.57 0.50 0.42 038 034 031 037 

1.04 0.83 0.75 0.62 0.54 0.46 0.41 037 033 039 

0.70 1.11 0.89 0.80 0.67 0.58 0.49 0.45 

0.48 

0.40 

0.43 

036 

038 

031 

033 

036 
0.75 1.19 0.96 0.86 0.72 0.62 0.53 

0.80 137 1.02 0.92 0.76 0.66 0.56 0.51 0.46 0.41 

Fig.2 Table of k, factors 

Fig.2 is the table of k, values, which can be considered as 
a normalized linewidth. Several years ago, the practical kj 
value was considered as 0.6, but it now approaches 0.4 
owing to the progress of resists. In KrF system, NA value is 
now going up to 0.7 or larger. The comparison of Fig.l and 
2 shows the status of each laser. It explains the natural 
demand for ArF and F2 lasers. 

In excimer laser microlithography, ordinary optical glass 
materials cannot be used by absorption. Fused silica and 
CaF2 are the only material for optical system. Fig.3 shows 
the optical material for microlithography. The constraint of 
the optical material gives serious effect for compensating 
chromatic aberration of the optical system. In DUV region, 
the development of materials is always the key. 

There are three major factors that lead excimer lasers to 
microlithography. 

The first factor is short wavelength, and it is easy to 
explain through the Rayleigh's equation. 

The second is high output power in DUV region. 
Illumination intensity of the excimer apparatus, however, is 
not so high at the wafer plane when it is compared to i-line 
apparatus. The reason why the same throughput is achieved 
with KrF apparatus depends on the appearance of 
chemically amplified resist with high sensitivity. The typical 
sensitivity of i-line resist is 2000J/m2, whereas that of KrF 
is 100J/m2. KrF microlithography has become possible with 
the combination of the resists. 
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Fig.3 Lasers and optical materials 

The third is spectral line narrowing capability. The 
chromatic aberration problem was solved by line narrowing 
of lasers. In KrF, focus sensitivity to wavelength is nearly 
0.14um/pm[2]. Considering the depth of focus is below lum, 
the requirement for FWHM must be less than 1pm, which 
matched the line narrowing capability of KrF lasers well. 

The establishment of excimer laser microlithography 
involves such unexpected system matching. It is natural that 
it took ten years to find its full possibility for practical use, 
because IC manufacturing equipment is required to work in 
severe full-time operation, such as 24 hours a day and 7 
days a week. 

3.KrF Exposure Apparatus 

KrF exposure apparatus is now the main manufacturing 
tool in recent semiconductor production. KrF lasers have 
demonstrated their applicability to microlithography field. 

KrF laser microlithography has several advantages over 
other excimer laser exposure system. 

The greatest advantage is high transparency of fused 
silica. Its transparency is over 99.9%/cm, which is higher 
than those of various i-line glasses. The efficiency of KrF 
optical system is high, and the thermal aberration caused by 
the absorption of the exposure light is almost neglegiable. 
As a result, KrF exposure system is very stable by nature. 
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The second point is the matching of chromatic aberration 
of the optical system and spectral line narrowing capability 
of lasers. The FWHM of i-line exposure system is lOnm, 
whereas that of KrF is nearly 0.5pm. In the design of i-line 
optical system, chromatic aberration must be balanced in 
the lOnm range by mixing the various kinds of glasses with 
different dispersion. The balancing is critical according to 
the material constraint. In KrF system, line narrowing 
technology has solved such critical compensation. 

Stability to environment is another advantage. Chemical 
contamination is not prominent in the spectral range over 
220nm. 

Fig. 4 shows the recent exposure results of KrF exposure 
apparatus^], FPA-3000 EX6 (NA 0.65) and FPA-5000 
ES2 (NA 0.68). It shows over 0.5um depth of focus for 
150nm L&S patterns with NA 0.65 and 0.68. As resolution 
limit, 120nm patterns are resolved with NA 0.68 optics. 
The continuous effort to extend KrF lithography has opened 
new possibility using double exposure method [4], and 
55nm isolated gate pattern generation was reported 
recently [5]. 
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Resist: UV6-SL (Shipley) 
Illumination mode:NA 0.68, 2/3 annular 
RT: 4500Ä 
BARC :AR3 (Shipley) 
BFT .-600Ä 

Fig.4 Exposure results of recent KrF apparatus 

In order to achieve higher resolution, super-resolution 
technology, such as modified illumination or phase-shifting 
masks, is indispensable. Accordingly, the requirement for 
projection optics is getting severer [6]. Wave Front 
Engineering (WFE) is introduced to minimize and optimize 
the aberrations by using Zernike polynomials. It is applied 
not only to the optical design, but also to the manufacturing 
phase. The wave front aberration is monitored with a phase 
measurement interferometer (PMI), which has a special 
laser with the same wavelength of the exposure light. In 
addition to PMI, various lasers are used for checking the 
surface accuracy, homogeneity, birefringence of elementary 
components of optical system. T 

It is natural to assume that KrF microlithogrpahy can 
extend its region beyond 130nm or finer with higher NA 
because of its intrinsic advantage. The completion of 
practical WFE has made the extension possible. 

4. ArF Exposure Tool 

4-1. Background 

ArF laser microlithography exists on the extrapolation 
position of KrF system. Its resolution target is 130nm to 
lOOnm technology node. ArF system can be constructed in 
the similar way of KrF system as shown in the early 
Japanese work [7], though it contains symptoms of specific 
issues in VUV region. The new items below 200nm are 
optical material and environmental control. 

There are two major issues for optical material, one is 
durability, and the other is the development of new optical 
material. Because the photon energy goes higher, the 
durability of optical material has been taken much attention 
from the beginning, and been studied for a long period [8]. 
The main issues of fused silica, which is the main material 
in KrF microlithography, are the change of transmittance 
and the material damage caused by ArF laser exposure. 

Wet fused silica which has high hydrogen concentration 
was demonstrated to suppress the generation of color 
centers such as E' center, and to show good transmittance 
with durability. 

For ArF laser exposure, a new damage phenomenon 
called compaction was found. Compaction makes the 
densification of fused silica in the exposure area of high 
intensity, and induces extra stress. Considering the life time 
of the optical system, the energy concentration in projection 
optics is calculated minutely to ensure its peak energy value 
less than U/m2/pulse. Compaction has strong correlation to 
the peak energy of laser pulses. Pulse stretching and higher 
repetition rate are, therefore, effective to suppress the 
damage of the optical system. As for the damage of fused 
silica, further study is now under investigation [9]. 

In order to compensate chromatic aberration, the 
development of CaF2 has been done extensively. The 
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dispersion of fused silica at 193nm is about three times 
larger than that at 248nm. For a refractive system with fused 
silica, the requirement for FWHM is assumed 0.2 to 0.3pm. 
The line narrowing capability of laser matched the 
requirement from the optical system at 248nm. In ArF 
system, however, the predicted difficulty for line narrowing 
accelerated CaF2 development. Fluoride crystals have 
higher band gap, which makes both the transmittance and 
the durability higher in DUV region. The optical 
specifications for homogeneity, stress birefringence and the 
size of CaF2 are now almost sufficient for lithographic use. 
The stable supply of CaF2, however, will be a key issue for 
ArF and future F2 laser microlithography. 

4-2. Development of ArF exposure apparatus 

The first full-field ArF exposure tools were announced in 
1999 [10,11], and they are now being used for developing 
ArF specific processes. Progress in optical materials, the 
preliminary research for compaction and line narrowed laser 
made it possible to adopt the same type of optics as that of 
the KrF exposure apparatus, though there had been many 
arguments regarding projection optics configuration. The 
specifications of the ArF scanning exposure apparatus, 
FPA-5000 AS1, are NA 0.6, 1/4X magnification, exposure 
area 26x33mm2, and equivalent throughput as that of the 
KrF scanner [3]. 

In the ArF wavelength region, oxygen absorption 
spectrum has still discrete distribution, which makes it 
possible to select the adequate wavelength with little 
absorption.. In addition, the development of high quality 
CaF2 enabled the adoption of the same configuration of 
projection optics as that of the KrF exposure apparatus Tight 
purging capability is equipped with chemical contamination 
effect below 200nm taken into account 

Aiming at 130nm resolution, the NA of the projection 
optics was selected 0.6 through the hypothesis of k,=0.4 of 
contemporary KrF resists. From the table in Fig.2, NA 0.60 
of ArF system is almost equivalent to NA 0.77 of KrF 
system. In order to apply WFE to the ArF projection optics, 
an interferometer using the exposure wavelength is 
necessary. A special laser for PMI measurement was 
developed to make the accurate evaluation of the aberrations 
possible. The manufacturing technology for ArF projection 
optics has become sufficient for the 130-100nm generations. 

Fig. 5 shows the exposure results of FPA-5000 AS1. The 
process condition was PAR-710 resist with a thickness of 
4000 A, and 1600 Ä BARC was used. In Fig.5, CD (Critical 
dimension) values of horizontal and vertical patterns for 9 
points in a shot are plotted simultaneously. ±10% CD-DOF 
for 130 nm L&S in the exposure field was 0.6um with 1/2 
annular illumination. 
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Fig.6 shows the SEM pictures of 120nm. Features down 
to 120 nm are resolved under the conventional illumination 
with o 0.75. In addition, nearly 0.8 um DOF is obtained for 
120 nm L&S with 1/2 annular illumination. The DOF of 
120nm L&S for NA 0.68 KrF apparatus is only 0.3um, 
which shows the advantage of reducing the A /NA value. 
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Fig.5 CD DoF of 130nm L&S (ArF NA 0.60) 

Other items were also investigated. Image field deviation 
(IFD) in full field was 90 nm and astigmatism was 59 nm. 
Dynamic distortion was controlled to 5 nm in the scanning 
direction and to 17 nm in the slit direction. IFD and 
distortion results are almost equivalent to the latest data of 
KrF apparatus, which exemplifies that technology for KrF 
has been successfully transferred to ArF apparatus. 

According to the experiments, thermal aberration was 
correctable with conventional software controls, since the 
absolute value was very small Absorption of heat by optical 
materials appears as thermal expansion and refractive index 
change. Since these two are balanced with each other for 
CaF2 in the region of ArF, most of thermal aberration is 
considered to come from fused silica. The influence of heat 
absorption was minimized due largely to the progress of 
fused silica and coatings. The illumination intensity is 
expected to increase with the introduction of 2 kHz lasers, 
but the controllability of the thermal aberration will lead to 
future productivity enhancement. 

The practical history of ArF laser exposure apparatus, 
however, has just started. It is necessary to make further 
technical challenges to ArF-inherent issues. Exposure tools 
are required to provide higher NA with improved quality. 
The progress of optical material and resist performance is 
necessary. At the final stage, the cost of ownership (CoO) 
will be a key issue. Since the main portions of CoO consist 
of lasers and tool costs, total system optimization is 
necessary. 
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Fig.6 SEM of 120nm L&S (ArF NA 0.60, 1/2 Annular Illumination ) 

5. F2 laser microlithography 

F2 laser has the wavelength which is on the law of 20% 
shrinkage of lithographic generation change. The resolution 
target is lOOnm to 70nm technology node. F2 laser 
microlithography, however, is not the simple extension of 
the former system because there exist many new items to 
challenge, such as environmental control, optical material, 
resists, pellicles and so forth [12]. In addition to this, the 
allowable time for development is limited according to the 
acceleration of ITRS roadmap. 

Environmental control is an specific issue of F2 laser 
microlithography, since strong absorption spectra exist at 
157nm for oxygen, water and hydrocarbons. The projection 
optical system, cannot be used in the evacuated condition in 
order to homogenize the heat generated by the absorption of 
exposure light. Though 157nm belongs to VUV region, the 
exposure apparatus must be used in the gaseous conditions. 
Nitrogen or helium is an adequate gas for purging. The level 
of purging for oxygen and water must be controlled on the 
order of ppm. Hence, strong purging is necessary for the 
optical paths and the handling region of reticles and wafers. 

In addition, chemical contamination is much severer at 
157nm. Electrostatic discharge is also necessary because of 
the removal of humidity. These factors have the exposure 
apparatus designed in quite a different way from KrF and 
ArF age. 

In VUV region, oxides cannot be used due to absorption, 
and the fluorides are the only candidates for both bulk and 
coating optical material. Narrow selection of material offers 
serious constraint to the optical design. 

CaF2 is the only candidate for bulk material at present. It 
is very difficult to compensate chromatic aberration with a 
single material. In order to conquer this difficulty, several 
countermeasures are being developed, such as catadioptric 
system design, the search for second crystal (BaF2) and the 

ultra-line-narrowed laser. For a refractive system which uses 
only CaF2, its requirement for FWHM is 0.2pm. For a 
refractive system which uses both CaF2 and BaF2, the 
requirement is 0.5pm, and that for catadioptric system is 
lpm. The development of BaF2 has just started, but the data 
is not sufficient at present. The decision of the projection 
optics will determine the whole specification and future 
possibility of the exposure apparatus, and there remain a 
little time for us to determine the final selection. 

Technological situation of F2 laser microlithography has 
made great progress since 1999. F-doped fused silica and F2 
laser are the two main topics. 

As for the optical material, CaF2 development was on the 
extrapolation position of ArF situation. The transmittance of 
CaF2 has attained 99.5%/cm, which is almost equivalent to 
that of fused silica at 193nm. Though further improvement 
is necessary for efficiency and thermal aberration, the 
applicability of CaF2 is within our scope. 

The appearance of F-doped dry fused silica solved the 
problem of mask substrate with low thermal expansion, and 
has activated the development of F2 laser microlithography. 
Wet fused silica in KrF and ArF cannot be used in 157nm 
because of the absorption of oxygen. Dry fused silica was 
used instead, and doping of fluorine has solved the 
transmission problem. 

F2 laser was another topic. FWHM by simple line 
selection was first said to be 17pm [12], but now is 
recognized 0.6pm according to the resolution improvement 
of spectrometers[13]. Considering the influence to 
projection optics, this change of figures shows the 
importance of VUV metrology. These inventive steps will 
lead the development of F2 laser microlithography with 
accelerating speed. 
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The development of F2 laser microlithography has only a 
short history yet. The important peripheral technologies, 
such as resists and pellicles are still left unsolved. At 
157nm, strong absorption constrains the selection of organic 
materials for resists and pellicles. Hard pellicles using F- 
doped fused silica are developed instead. As we experienced 
in KrF and ArF system development, strong collaboration 
is necessary to solve these technical issues. 

6.    Summary 

Excimer laser microlithography has established its status, 
and is still growing. 250nm resolution was its introduction, 
and F2 exposure system is going to challenge 70nm 
technology node. The systematic combination between 
lasers, exposure tool, optical material and resists helped one 
another, and has formed a new technology region. Line 
narrowed lasers, CaF2 and chemically amplified resists are 
typical examples of systematic optimization. In addition, 
line narrowing capability can suppress the chromatic 
aberration, which makes it easy to introduce WFE to 
projection optics. 

As excimer laser microlithography expands its status, its 
responsibility for future generation becomes severer. In 
microlithography, light source always comes first. Changing 
wavelength, however, needs much challenge and cost. The 
effective development will be required more intensively, 
searching the optimum system configuration for the future 
system. 
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Local annealing of shape memory alloys using laser scanning and 
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A complete set-up for local annealing of Shape Memory Alloys (SMA) is proposed. Such alloys, when 
plastically deformed at a given low temperature, have the ability to recover a previously memorised 
shape simply by heating up to a higher temperature. They find more and more applications in the fields 
of robotics and micro engineering. There is a tremendous advantage in using local annealing because 
this process can produce monolithic parts, which have different mechanical behavior at different 
location of the same body. Using this approach, it is possible to integrate all the functionality of a 
device within one piece of material. 
The set-up is based on a 2W-laser diode emitting at 805nm and a scanner head. The laser beam is 
coupled into an optical fiber of 60um in diameter. The fiber output is focused on the SMA work-piece 
using a relay lens system with a 1:1 magnification, resulting in a spot diameter of 60[im. An imaging 
system is used to control the position of the laser spot on the sample. In order to displace the spot on 
the surface a tip/tilt laser scanner is used. The scanner is positioned in a pre-objective configuration 
and allows a scan field size of more than 10 x 10 mm2. A graphical user interface of the scan field 
allows the user to quickly set up marks and alter their placement and power density. This is achieved 
by computer controlling X and Y positions of the scanner as well as the laser diode power. 
A SMA micro-gripper with a surface area less than 1mm2 and an opening of the jaws of 200u.m has 
been realised using this set-up. It is electrically actuated and a controlled force of 16mN can be applied 
to hold and release small objects such as graded index micro-lenses at a cycle time of typically Is. 

Keywords: Laser scanning, local annealing, tip/tilt scanner, monolithic structures, and micro-robotics. 

1.    Introduction 

Monolithic shape memory alloy (SMA) micro-devices are 
highly interesting and efficient tools for manipulation and 
assembling of complex micro-systems as well as smart 
actuators or sensors in themself. Their basic idea is to 
integrate all functions of a device, like actuating part, 
flexible hinges, fixation parts, biasing elements etc. into 
the same piece of material, avoiding therefore reliability 
detrimental difficult high precision assembling and 
handling. As from the shape change point of view, the 
shape memory effect is not reversible, the main problem in 
developing monolithic devices is to be able to generate 

reversible motion [1, 2]. We propose a new solution to this 
problem, consisting in local annealing of material at 
selected places of the monolithic device. This means that 
only certain selected regions will exhibit a shape memory 
effect and the remaining non annealed material will have 
an elastic behaviour only and can be used e. g. as pull back 
springs to provide a reversible motion on cooling. 
A high brightness diode laser with fiber beam delivery, in 
conjunction with a compact tip-tilt scanner present an 
efficient method for controlled local heating down to a 
volume of 10"3 mm3 of thin sheet materials like SMA, even 
in complicated structures. 
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The proposed system consists of an optical scanning head 
with a 2W diode laser (X = 805 nm) with fiber beam 
delivery (60um core diameter step index fiber), a compact 
single mirror tip-tilt scanner, collimating and focussing 
lenses with unity magnification ratio and a CCD camera 
based computer image acquisition and scanner control 
system. The whole optical system is mounted on a small 
(300x500 mm) tabletop sized and easily transportable 
breadboard. 

2 Optical set-up 

The figure 1 shows the basic optical set-up of the system. 
A fiber pigtailed diode laser delivering up to 2 W of 
optical power out of a 60 urn core diameter step index fiber 
is collimated by the lens LI and conveyed via the dichroic 
mirror Ml (high reflectivity at 805 nm and 45 °) and the 
scanner mirror M2 to the focussing optics. The 
magnification ratio is given by the focal length of the 
collimating and focussing lens and can be adapted to a 
specific application. For the present purpose, a unity 
magnification ratio results in a round laser spot of 
approximately 60 um diameter and intensity of the order 
of 17 kW/cm2 on the workpiece. 

Collimating lens 
L1,f = 50mm 

I    Imaging lens 

i L3 

Towards sensor 

A compact single mirror tip-tilt scanner is used for the 
displacement and precise positioning of the laser spot on 
the workpiece. This scanner has a mirror surface of 30x40 
mm2, a tilt range of ±3.5° (±60 mrad), with a repeatability 
of better than 50urad, leading to a spot pointing precision 
of the order of 3um (50 mm focal length focussing lens). 
The settling time for maximum deflection angle is less 
than 10 ms. The complete scanner (without electronics) fit 
in a volume of 30x40x50 mm3 [3]. The scanner is in a pre- 
objective configuration. As the vision system sees the 
scene across the scanning mirror, it points already to the 
working point of the diode laser. Therefore, a high 
magnification ratio for the image can be foreseen, 
permitting an easy and precise aiming control. The 
computer vision system is coupled to the scanner control 
and permits to address with mouse control or, 
corresponding to computer controlled predefined patterns, 
any point in the target field of 6x6 mm2. The scanner head 
could also be equipped with sensor channels for e. g. on 
line acquisition of a temperature signal with an IR detector 
(via an other dichroic mirror M3). 

Optical 
Fiber i 

Figure 1   Optical set-up for the local annealing system. 
Figure 2  Photograph of the optical system 

% 
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Figure 2 shows a photograph of the complete optical 
system. In the actual system a simple achromatic doublet 
lens is implemented as focussing lens, but for more critical 
applications, a new scan lens (based on a Cook triplet) has 
been developed, which guarantees a constant spatial 
resolution all over the entire scan field, without the severe 
drawbacks of very strong chromatic aberrations of usual F- 
0 lenses which exclude practically a correct image 
acquisition. 

3 Computer vision system 

A computer vision system based on a CCD camera and a 
PC is used for precise control of the position and scan of 
the laser spot on the workpiece [4]. The image of the 
sample is seen via the scanner mirror with adequate 
enlargement and is therefore always centred on the 
pointing direction of the scanner. A visible diode laser 
light pen for visualising the pointing direction can be 
foreseen, but as the CCD camera is also sensitive to the 
diode laser wavelength, even the laser spot itself at low 
power can be used for high precision aiming means. The 
enlargement factor for the vision system is given 
essentially by the focal length of the imaging lens L3 (see 
figure 1) and can be adapted to the specific need. Any 
point of the scan field of 6x6 mm2 can be addressed either 
directly by mouse control (e. g. for teach-in of specific 
patterns) or by more advanced computer control. Arbitrary 
scan patterns can be introduced by teach-in or by CNC 
control via the PC. A single mirror tip-tilt scanner in a 90° 
beam deviation configuration presents systematic image 
deformations resulting from the scan principle itself, but 
also from the scan lens aberrations. These systematic 
image distortions do not alter the scanner precision and 
repeatability and can be exactly measured experimentally 
and introduced into a correction matrix for automatic 
correction during CNC controlled scanning, e. g. when 
predetermined geometrical patterns must be followed. 

4 Local laser annealing of a micro-gripper 

Local annealing was applied to a complex mechanical 
structure, consisting of the micro-gripper shown in figure 
3. The key idea is to select and anneal the place where a 
shape memory or superelasticity is desired and to let the 
remaining parts non-annealed. With this method different 
mechanical states as well as active and passive parts can 
be introduced within a single piece of material. This 
method can be applied on SMA films, cold rolled sheets, 
cold drawn wires or other materials which have been 
work-hardened. The annealing process then reduces the 
amount of internal stress. The mechanical behaviour of a 
cold-rolled sheet before and after annealing in a furnace is 
shown in figure 3. 

In order to obtain a reversible motion of the micro- 
gripper, the following process has been applied: The 
gripper is cut out of a non-annealed work-hardened SMA- 
sheet by a pulsed Nd-YAG fundamental mode Slab laser 
(minimal kerf width ~ 20um). The as cut gripper is placed 
in the local annealing system and local annealing of the 
shaded area of the figure 3 is performed by irradiating with 
the diode laser (laser power approx. 1.5 W) the concerned 
areas. The heating time is of one second and the maximum 
monitored temperature on the actuating part was about 
550° whereas the bias spring only heated up to about 
100°C. At room temperature, the gripper arm is then 
deformed out of its elastic domain in order to define the 
open position. By controlled heating of the whole structure 
(e. g. with a Peltier element) to a temperature of about 
60°C, the gripper closes now, due to the recovery force 
generated by the phase transformation in the annealed part. 
During cooling, ( to approx. 10°C), when the actuating 
part has returned to the martensite state, the elastic bias 
spring can pull the arm back in its open position. 

Figure 3Stress-strain behaviour of a cold rolled sheet before 
and after annealing (in a furnace). 
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Figure 4 SMA micro-gripper, design and realisation (the 
black area represents the locally annealed region). Over- 
al dimensions: 1.4 x 1.8 mm. 
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The figure 5 shows the diagram of a complete cycle of the [3] 
movement of the gripper. The main advantages of the local 
laser annealing are the freedom to choose the parts to be 
annealed (with a spatial resolution of less than lOOum), no 
particular design restrictions, contactless technology (no 
delicate handling problems) and suitability for MEMS [4] 
technology and MEMS fabrication environment (clean 
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room, vacuum chamber, etc.). 
Figure 5 Diagram of a complete temperature cycle of the 
micro-gripper, hot temperature is about 60°C, cold 
temperature about 10°C. The total mechanical amplitude 
is 55 fim. 

5 Conclusions 

A table-top local laser annealing system has been 
presented, based on a fiber pigtailed high power diode 
laser (Pmax = 2W), an optical head comprising a compact 
tip-tilt scanner and a computer image acquisition and 
scanner control system, permitting the local annealing of 
monolithic SMA devices with a spatial resolution of less 
than 100 urn. The application of the system to the 
realisation of a micro-gripper used for micro-robotic 
handling of small graded index lenses has beem shown. 
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Virtual Engineering helps to get laser adjustment industrially accepted 
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Laser adjustment allows a new process chain for fast, cost-efficient and highly precise assembly. It can 
be done without the usually very elaborate exact positioning of the jointing parts since after joining the 
components are adjusted into the desired position by laser forming. In order to make this new process 
chain possible an actuator can be joined between the bearer and the relevant functional element. This 
actuator enables the functional element to be moved into the desired position by conversion of laser 
energy. After the adjustment it remains in the assembly. 
For simple adjustment tasks an intuitively controlled design process can lead to solutions to an actuator 
design. As far as more complex tasks are concerned, like e.g. adjusting the 7 relevant degrees of 
freedom of all optics in electro-optical transducers, new design principles are necessary. 
After elucidating the process principle this paper presents the demands imposed on such actuators. 
Founded on the basic actuators, the integral approach to the actuator design is presented with its 
complete mathematical description being the basis of the computer-aided procession of all actuator- 
specific data. Thus it becomes possible to solve the inverse problem of the requirements made on 
geometry. 

Keywords: Laser forming, Micro forming, Modelling, Simulation, Laser adjustment 

1 Introduction 

Laser adjustment is a further development of laser 
forming. It uses the specific characteristics of laser forming 
as a contact-free, non-resilient and easily automatizable 
method to cause little deformations. The laser forming 
process is based on an inhomogeneous temperature field, 
which is created by laser radiation. The thus obstructed 
thermal expansion leads to a plastic deformation. Detailed 
descriptions of the mechanisms and of possible fields of 
application are given in [1]. 

The interaction between laser parameters, material 
parameters and geometry can lead to different temperature 
fields. In figure 1 the 4 essential mechanisms are presented, 
namely the internal stress-point mechanism, the temperature- 
gradient mechanism (TGM), the buckling mechanism and 
the upsetting mechanism. A decisive distinguishing feature is 
the difference in temperature between top side and underside 
of the sheet metal. If this difference is significant, one of the 
two first-mentioned mechanisms occurs. If the difference in 
temperature is only little, either the buckling or the upsetting 
mechanism is predominant. 

Both the temperature-gradient mechanism and the 
upsetting mechanism are very suitable as adjustment 
processes since a reliable process control is possible. The 

other two mechanisms are applied in the field of rapid 
prototyping but it is more difficult to control them in a 
closed loop for adjustment purposes. 

Mechanism 1 &2 Mechanism 3 Mechanism 4 

Temperature through- To» Tu To= Tu To* Tu 
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Fig. 1 Laser forming mechanisms 

Some exemplary solutions are presented in [2,3]. With 
all these applications the adjustment has to be carried out in 
a closed loop. 

For laser adjustment special irradiation positions are 
required. A fast closed loop and thus an effective application 
of this technology is only possible by means of specially 

164 
First International Symposium on Laser Precision Microfabrication, Isamu Miyamoto, Koji Sugioka, 

Thomas W. Sigmon, Editors, Proceedings of SPIE Vol. 4088 (2000) ©2000 SPIE • 0277-786X/00/$15.00 



fitted actuators. At present they are designed in an iterative 
process on the basis of fundamental actuator geometries [4], 
However, for complex tasks with both several directions and 
degrees of freedom which are independent of each other it is 
not possible to meet the required short production cycles 
without effective computer assistance. In order to be able to 
use the possibilities of CAD also for the design of actuators, 
functions are needed which enable a direct implementation 
into the world of CAD. 

2. Requirements on actuators 

Irrespective of the fact whether the actuator is a 
component specially suited to laser forming or a con- 
ventional bearer, it has to fulfil some basic requirements. 
They can be divided into economic and technical 
requirements. The economic requirements are basically 
determined by the use of low-cost materials and semifinished 
products but also by actuator geometries, which due to a fast 
adjustment process reduce production time and thus 
production costs. 

The thermal inertia determines significantly the 
production time. The inhomogeneous temperature field leads 
to an uneven thermal expansion and displacements, which 
obstruct the measurement of the actual value in the closed 
loop. The thermal inertia can be influenced by material, 
geometry and process. Materials with higher thermal con- 
ductivity directly reduce the thermal inertia. The actuator's 
geometry determines the distances which are relevant for the 
temperature balance. That way, adjustment on the basis of 
the out-of-plane effects is considerably faster than that based 
on in-plane shortening since in the out-of-plane case the 
temperature gradient is balanced out substantially faster than 
in the in-plane case. Influence can also be exerted by means 
of process changes. Thus the heat transport into the 
surroundings can be improved considerably by means of an 
active cooling by gases or liquids. However, a homogeneous 
temperature field is only hard to achieve that way. 

The technical requirements on the actuators are 
determined by the number of the necessary degrees of 
freedom, the maximum and minimum adjustment area and 
the accessibility of the forming sections for the laser beam. 

An additional requirement, which is already well- 
known from the conventional manufacturing chain, is the 
thermal and mechanical stability of the components. A 
reversible or irreversible maladjustment of functional 
elements in the components' whole field of application must 
not occur. Also the mechanical stability under load with 
vibration and acceleration forces, which is required due to 
normal strain, must not obstruct the system's function. 

3. Drafts of complex actuator systems 

For the draft of actuator systems an exact description 
of the basic actuators is necessary. A basic actuator is 
defined as the minimum unit, which by means of laser 
irradiation leads to a controlled displacement or bend. 

3.1 Basic actuators 

Figure 3 shows the four basic types: the bridge and 
angle actuator with possible displacement in positive x- 
direction, the double-bridge and angle actuator with bead, 
which allow a displacement both in positive and negative x- 
direction. 

IN - PLANE OUT OF PLANE 

double bridge 

Fig. 3 Basic actuators 
angle with bead 

3.2 Description by means of kinematic chains 

The links between the individual basic types, the 
adjustment object and the frame are represented in the bar 
model. The basic actuators can - depending on the effect 
they use - be regarded either as joints in the out-of-plane 
case or as guide for the in-plane case. Thus it becomes 
possible to describe the whole actuator by means of a bar 
model as a multi-body system with n partial bodies. The 
coordinate system describes the inertial position coordinates 
of a single partial body. 

On suitable examination the actuators can be regarded 
as an open chain or as a tree structure. For the recursive 
description of the actuator's orientation the process of 
Denavit-Hartenberg [5,6] can be applied, which is well- 
known from robot kinematic. With this method, a base Bt is 
assigned to each bar. The relative position of base B; to base 
Bj.i is described by the Euler angles *F and "0 and the line 
segments u; and Vj. Angle \|/i is the angle between the 1-axis 
of base BM and the 1-axis of base B; with the 3-axis of base 
Bj.i serving as rotational axis for determining the angle. 
Angle ty results from a rotation of base Bj.i around the new 
1-axis of base Bj.i until the 3-axes of the bases i-1 and i 
coincide. The segment lines u-, and Vj are perpendicular to 
each other. The length of the linking straight line of the 
generally curved joint axes i-1 and i is designated as v;. The 
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distance between the intersection of this linking straight line 
and base B^ is Uj. 

Each angle in the actuator, be it a forming edge, which 
was produced by the manufacturing process of the actuator 
or presents a position of the laser beam in the out-of-plane 
basic form, can be described by a rotational matrix Tj. 

With rigid forming edges the angles \|/ and v are fixed, 
when applying the out-of-plane basic form the angles have to 
be described by \|/ + Q ' n; respectively by v + Q n,. Q is 
the transfer coefficient, which depends on the process 
parameters and the detail geometry, and can be taken from a 
knowledge basis. Variable nj serves to describe the number 
of laser pulses at the spot i. 

T,.u ■= 

cos \ffi - sin \j/j 0 1 0 

sin^. cos y, 0 0 cos*?, 

0 0 1 0 sin §■ 

0 

- sin fy 

cos ft 

Rigid bars, which connect only two active elements, 
are described by the translational vector t; whereas with 
active bars it has to be distinguished between two 
assembling positions. If the active axis coincides with the 
rotational axis i-1, U] has to be replaced by Uj - Q n^ if this 
is not the case, vs has to be expressed by vj - Q' nj. 

v,. cos y/i 

V;    Sin  \f/j 

ui 

The rotational matrices Tj and the translational vector tj 
are combined in the matrix Dj. Considering the formulae 
presented in [5] the total matrix for the actuator can be 
drawn up. 

D, 
0 1 

D := Dn £>.. 

Vector t describes the coordinates of the actuator's end 
point. This end point coincides with the intersection point of 
actuator and adjustment object. 

t := -i IK T~üT- 
The 3x3 partial matrix T of the total matrix D 

describes the rotation of base i in relation to base 0 and thus 
the rotation of the intersection point of actuator and 
adjustment object. 

By way of illustration figure 4 shows an actuator with 
three bars, an active angle and a rigid angle. At base B0 the 
actuator is connected with the surroundings. At base B3 e.g. 
a mirror can be fixed. Rotational axis 2, where the laser 
forming is carried out, is essential for the actuator's 
movement behaviour. All the other rotational axes and bars 
provide the ambient structure in order to fulfil the 
constructive constraint. Points Pi, P2 and P3 are to lie on a 
straight line with P3 representing the connection to the 

surroundings and thus coinciding with B0. The other 
constraints concern the adjustment area, which has to cover 
the range from -0.75° to +0.75° in relation to a and ß. As 
minimum step size and thus final precision 0.1° is required. 

If nothing else is stated, in the following the numerical 
values given in the table are assumed: 

Variable i= 1 i = 2 i = 3 i = 4 

Vi ^-arctan(-i) arctan(|) n3 ■ C3 n4' C4 

t>i 0 '/27l 0 0 
Ui 0 0.5 0 0 
V, V52+42 0.5 2.5 0 

By laser forming at rotational axis 2 angle V|/ is 
changed by a value which is dependent on process 
parameters and detail geometry but independent of 
kinematic. Due to the process presented above the resulting 
displacement of base B3 can be inferred directly from the 
matrix D. The rotation of base B3 is possible by use a 
rotational axis 3; besides angle a also angle ß can be 
influenced by laser irradiation at this axis, figure 4. 

Fig. 4 Kinematic chain for an actuator 

3.3 Discussion of the movement behaviour of a simple 
actuator 

Let's have a closer look at the actuator shown in figure 
4 to elucidate the possibilities of this method. With 
irradiation at position 1, i.e. at rotational axis 2 in positive 
^-direction, the following Denavit-Hartenberg matrix results 
from it. 

D=: 

0 

cos(n,C,) 

sin(n,C,) 

0 

0 1 4 

-sin(n,C,) 0 2.5cos(n,C,) + 5.5 

cos(n,C,) 0       2.5sin(n,C,) 
0 0 1 

Parameter n( indicates the number of laser pulses at the 
corresponding position, constant Ct is the transfer constant 
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for the basic type used here. From the geometrical 
relationships of the intersection point of actuator and 
adjustment object in relation to the fixation of the adjustment 
object in the space the angles a and ß can be determined 
directly from the matrix. 

a = arctan(0.625sin(n,C, -n2C2)) 

/? = sin(n,C, -ra2C2)cos(n3C, -n4C4) + 

cos(n,C, -«2C2)sin(n3C3 -n^C^) 

Hereby the following assignment has to be taken into 
consideration for all permissible irradiation positions 1 to 4 

Position 1; index 1 => rotational axis 2; positive \|/2 

Position 2; index 2 => rotational axis 2; negative y2 

Position 3; index 3 => rotational axis 3; positive \|/3 

Position 4; index 4 => rotational axis 3; negative y3 

The angles a and  ß, which result from the laser 
forming, set the required two-dimensional result space. By 
linear combination of the actuator's four reactions resulting 
from the different irradiation position a point field has to be 
set,   which   meets   the   requirements   of minimum  point 
distance <= 0.1° and size of target space >= 0.75°. Figure 5 
illustrates the size of that space depending on the parameter 
bar length v3, see fig. 4. It can be seen that with a bar length 
of v3 = 5 mm an almost linear behaviour can be achieved 
with   all   four   irradiation   positions   with   simultaneous 
equivalence of the size of space in a and ß. Reducing the 
length v3 to just 2.5 mm improves linearity but also has the 
effect that the size of space in a-direction does not meet the 
requirements any more. In the fictitious case here with the 
bar length v3 = 10 mm the minimum step size, which can be 
achieved by laser adjustment with a pulse in a-direction, is 
above the tolerance range. 

0.8 : 

P : 
».4:' 

0.2 

-0.2.   0.2 
-0.2 

-0.6 

-0.8 

0.8; ,• 
ß: .•' 
0.4 _ " 
0.2 . 

-0.6 ■0.2 
-0.2 

0.2 -0.fi a 

-0.4 

-0.fi 

-0.8 

0.» : 

Pi: 
0.4:: 

0.2; 

-0.4 ■ 

-0.fi;; 

-0.S '■ 

0.2      0.6   a   1 

v,-2.5 v,=5 v,= 10 

Fig. 5 Transfer behaviour of the actuator illustrated in fig. 5 

Due to the initialized representation of the actuator's 
geometry it is possible to determine its behaviour, i.e. 
amount of degrees of freedom, position of the irradiation 
points, size of the adjustment space and minimum step size. 

4. Conclusion and outlook 

The method described here to model actuators as 
kinematic ones with the Denavit-Hartenberg matrices 
description enables an integration in a CAD-system. For the 
complete description of the exemplarily presented actuator 

the 16 parameters illustrated in table 1 are sufficient. By 
systematically varying these parameters the total of all 
actuators can be represented by three bars and two active 
angles. However, due to the parameterization this method is 
not in the least restricted to the presented simple actuators 
but e.g. also actuator systems for the seven degrees of 
freedom of all optics can be designed independently in a 
computer-aided design process. Since the kinematic chain 
contains information about all relevant constraints, like 
amount of degrees of freedom, adjustment area and possible 
precision, the result space can not only be set completely but 
also a computer-aided selection of optimum solutions is 
possible. 

For generating completely new actuator geometries 
future works will deal with the implementation of the 
solution presented here in a commercial CAD-system. 
Founded on the problem raised by the designer the system 
independently suggests solutions. For generating these 
solutions optimization algorithms are used. On the basis of a 
knowledge acquisition and classification of available 
actuator types a data basis is created, which serves as a 
component catalogue both for the optimization of the 
kinematic chain and for the detailed interpretation. 
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High-resolution contact lithography by excimer lasers* 
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High-resolution contact lithography was conducted by both 248-nm KrF and 193-nm ArF excimer 
lasers on PMMA resist. The resist thickness is about 0.5 um. Resolution of 0.5-um lines and spaces 
was obtained on PMMA resist after KrF excimer laser exposure and subsequent wet development. No 
self-developing photoetching was observed. However, with ArF excimer laser as the exposure light 
source, resolution of 0.3-(im lines and spaces was obtained on the same resist by direct photoetching 
under high exposure dose, as well as under lower exposure dose combined with subsequent 
conventional wet developing process. 

Keywords: high-resolution lithography, contact lithography, excimer laser, 248-nm lithography, 
193-nm lithography, self-developing 

Lambda Physik Model LPXllOi. Table 1 gives the 
parameters of the two excimer lasers. A 2.6X 1-dimensional 
Galilean telescope is added following the laser as a beam 
expander to form uniform illumination. A square 
homogeneous beam cross section is obtained through a 
square aperture. In order to obtain good results, the wafer 
coated with PMMA resist is held in close contact with a 
chromium quartz mask. 

1. Introduction 

DUV excimer laser lithography has been becoming the 
mainstream technology in high-density integrated circuit 
fabrication. The promising laser sources are 248-nm KrF, 
193-nm ArF, and even 157-nm F2 excimer lasers'. 

Contact lithography is a simple and expedient way to 
investigate the imaging characteristics of new light source 
as well as photoresist. In addition, this technique is most 
economical for low-volume device manufacturing, such as 
productions of holographic gratings. 

In this paper, we report here our high-resolution contact 
lithography experiments with KrF and ArF excimer lasers. 
0.5-um lithographic resolution was obtained by KrF 
excimer laser, and 0.3-urn lithographic resolution by ArF 
excimer laser. The photoresist used in our experiments is 
PMMA. 

2. Experimental setup 

Fig.l shows the schematic illustration of experimental 
setup. The KrF excimer laser used in this setup is 
developed by ourselves 2, and the ArF excimer laser is a 

Quartz mask   Waler 

 }- I- I \y 

Exriner laspr 
(KrF or ArF) 

Beam expander 

I !$ 

Apprlure slop 
(6x6inri') 

Fig. 1 Experimental setup for contact lithography 

* This work is supported by the National Natural Science 
Foundation of China (NSFC), Grant No. 69878029. 

Table 1 Primary parameters of excimer lasers 

Excimer laser Wavelength Pulse duration 
(FWHM) 

KrF 
ArF 

248.3 nm 
193 nm 

22 ns 
17ns 
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3. Experimental details and results 

Our experiments were carried out on PMMA resist. PMMA 
is chosen as the photoresist, since it is one of the most 
excellent resists for its fine line resolving power and has 
been used as the resist for electron beam, x-ray, and DUV 
light source 3-4. The resist in our experiments is Model 
XHR-EP-3 DUV sensitive PMMA developed by Wuxi 
Chemical Engineering Design and Research Institute in 
China After spin-coated on the wafer surface, the PMMA 
film is prebaked for 30 minutes at 165°C. The thickness of 
PMMA film is about 0.5 um. The developer is the solution 
of methyle isobutyl keton (MIBK) and isopropyl alcohol 
(IPA) in the ratio of 2:1. The developing time and the 
temperature are 1 minute and 10°C respectively. 

At first, lithography using KrF excimer laser was conducted. 
Resolution of 0.5-um lines and spaces was patterned on the 
wafer surface after KrF excimer laser exposure and 
subsequent wet development, as shown in Fig.2. The 
exposure dose is about 5 J/cm2. No self-developing 
photoetching was observed even if the exposure dose was 
increased to about 12 J/cm2. The KrF excimer laser 
operated at a repetition rate of 1 Hz, and the single pulse 
energy is about 10 mJ within a 6x6-mm2 area. The power 
density on the mask surface is about 1.3 MW/cm2. 

4 

Fig. 2 Photograph of 0.5-um resolution patterns obtained by KrF 
excimer laser contact lithography 

Secondly, contact lithography by 193-run ArF excimer laser 
was carried out. Resolution of 0.3-um lines and spaces was 
obtained on the same resist by direct photoetching under 
high exposure dose, as well as under lower exposure dose 

combined with subsequent conventional wet developing 
process. The ArF operated at 1-Hz repetition rate, and the 
single pulse energy is about 25 mJ within the 6x6-mm2 area. 
This gives a peak power density of about 4.1 MW/cm2. The 
exposure dose is 3.5 J/cm2 for self-developing lithography 
and 300 mJ/cm2 for wet development lithography, 
respectively. 

We measured the patterned PMMA resist layer using a 
Digital Instruments Model Dimension 3100 atomic force 
microscope (AFM). Fig. 3a shows the directly photoetched 
patterns, and Fig. 3b the patterns with wet development 
lithography. Some build up can be observed in Fig. 3a For 
practical use, the debris must be purged away by some 
proper methods before subsequent processes. Fig. 3c is the 
3-dimensional profile of 0.3-um lines and spaces of Fig. 3b. 

4. Discussions and conclusions 

High-resolution contact lithography was demonstrated. 
PMMA resist used in our experiments is suitable for sub- 
and sub-half-micron lithography in DUV spectral region. 

High-resolution direct contact lithography is more easily 
achieved with ArF excimer laser than that with KrF 
excimer laser, because 193-nm wavelength light has higher 
photon energy and higher absorption coefficient than 248- 
nm KrF excimer laser5. If some sensitized chemical reagent 
had been added to PMMA, the direct photoetching would 
have happened with KrF excimer laser. 

Another factor, that direct photoetching did not happen in 
our experiment, is probably that the power density of the 
KrF excimer laser is less than that of ArF excimer laser. 
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Fig. 3 AFM images of 0.3-nm resolution patterns obtained by ArF excimer laser contact lithography, where (a) directly photoetched 
patterns, (b) patterns from conventional lithography, and (c) 3-D profile of 0.3-nm lines and spaces of (b). 
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Inorganic-organic hybrid material for lithography 
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Tetraethoxyorthosilicate and methacryloxypropyl trimethoxy silane are used to form inorganic and 

organic networks, respectively. Photosensitive agent is added to initiate free-radical cross-linking 

polymerization of unsaturated carbon bonds and thus makes the material act as a negative tone 

photoresist. Developed in dilute base solution, microoptical element, such as lenses and gratings, were 

fabricated by contact copy with UV-exposure. Shrinkage effect is investigated after optical elements 

obtained. Compared with the mask, the spacing of the exposed areas in sol-gel film shrinks, and the 

shrinkage rate is about 20%. 

Key words:    photosensitive, microoptical element, solgel, inorganic-organic 

1. Introduction 

In fabricating microoptical elements, generally, a 

photoresist layer must be used to transfer the pattern of 

photomask into the substrate. The properties of photoresist 

and its adherence to the substrate would influence the 

quality of the transferred pattern. Moreover, the processing 

needs complex instruments to transfer the pattern, such as 

reactive ion etching etc., which not only increase the capital 

cost but also lead to the enhance of the error. To simplify 

technology, inorganic-organic composite recording material 

via sol-gel route was proposed to fabricate mocrooptical 

elements. Photoresist is not needed to act as transition layer, 

which would avoid distortion in the transfer of pattern in the 

fabrication of elements. 

The hybrid sol-gel method has been widely used in the 

fabrication of microstructural optical components for 

various applications. Because of its low optical loss, simple 

processing, and the properties of tailored at the molecular 

lever for a particular application, the method has attracted 

attention of those material scientists and photonics device 

engineers who seek to take advantage of the appealing 

optical properties.12'3 In the processing, photo-induced 

polymerization was employed in the branch of the chain in 

the hybrid sol-gel material, the shrinkage cause by the 

polymerization must affect the fidelity of the pattern during 

the transfer of the mask. The exposure causes the 

enhancement of molecular weigh in exposed areas and the 

molecular shift between the exposed areas and unexposed 

ones, which result in the real-time relief. This effect would 

exert impact on the deepening of the relief and expanse of 

the transition region during the development. The study 

about the shrinkage of the spacing is significant to fabricate 

optical element with accuracy feature. 

In the paper we report our present experimental results 

and the shrinkage of spacing in fabricating optical element 

in the hybrid sol-gel glass. The process of composing the 

hybrid sol-gel material was presented in section 2. In 

section 3, the fabrication of elements in solgel material was 
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given, followed by the investigation of the shrinkage of the 

spacing in section 4. Finally, the mechanism of those effects 

was discussed. 

2. Preparation of inorganic-organic hybrid material 

A silicon oxide matrix was synthesized by hydrolysis and 

polycondensation actions. The silicon oxide network was 

formed from tetraethoxyorthosilicate (TEOS) and 3- 

methacryloxypropyl trimethoxy silane (MAPTMS) with a 

molar ratio of 10:1, which were dissolved in adequate 

volume of alcohol, and then hydrolyzed by 0.1M 

hydrochloric acid solutions. 

The addition of MMA can both intensify the network and 

adjust the property of material. The quantity of MMA 

would directly influence the transmittance of the hybrid 

material in the UV wavelength range. 

After the solution was prepared, it was aged at room 

temperature for one week. The prepared composite was 

made photosensitive by a photoinitiator. The photoinitiator 

forms free radicals during UV exposure, which leads to 

free-radical cross-linking polymerization of unsaturated 

bonds and thus makes the material act as a negative tone 

photoresist. The photoinitiator, benzoin, was added to the 

hybrid sol-gel material solution in a molar ratio of 1:100. 

Films derived from sol were dip-coated on borosilicate glass 

substrate. Because organically modified silicate glasses 

tolerate stress relaxation more effectively than do glasses 

derived from traditional silica sources, like 

tetraethoxyorthosilicate, film could be deposited in one step 

in thickness ranging from 2 to 15um. Film thickness varies 

linearly with dip-coating speed in some speed range.4 After 

precision dip-coating, film were immediately heated 

(prebaked) in air at 100°C for 2 min to remove the solvent 

and improve the adhesion of the sol-gel material to the 

substrate. 

The films were illuminated by a 100W mercury UV lamp 

with a diffuser, placed at 20 cm for some time through a 

contact mask. After exposure the films were developed with 

base solution and investigated by an interference 

microscope. 

3. Fabrication of optical elements in hybrid material 

The contact mask, which was used in UV exposure, 

contained array of lenses. The films with thickness of 

0.4um were exposed to UV light for 30min. After exposed 

the films were developed in a dilute solution of NaOH in 

water for -lmin, In Fig.l, the central part and rim in one 

unit of the array of lenses were shown respectively. The 

shift of interference fringes was -1.7, and the relief depth 

was ~0.4um, which is the thickness of the film. 

Fig.l.(a) 

Fig.I.(b) 

Fig.(l). (a). Interferogram of the central part in one unit of the 

array of lenses, (b). Interferogram of the rim of the array. 

To investigate the quality of the transfer of the mask, 

binary mask with dark width of 21 urn and transparent width 

of 8um was used to UV light. The process of fabrication is 

the same above. Fig.2 shows the experimental results. From 
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Fig.2 (a), it can be seen that there is sidewall adjacent to the 

ridge of the relief, which can be seen more manifest in the 

Fig.2 (b). From the shift of interference fringes of- 6, and 

the relief depth was ~ 1.6um. 

«■■aMMHIi 
MNMM 

■MM 

Hn 

IfflllMl 

^ 

Fig.2. (a) 

^h>J2 

Fig.2.(b) 

Fig.2. (a) Microphotograph of a binary grating with 29-um 

spacing, (b) Interferogram of the binary grating. 

4. Shrinkage of the spacing 

From the microphotograph (Fig.2), it can be seen that the 

sidewall of the relief is not so vertical as expected, but 

trapeziform in the cross-section. The above width of the 

trapeziform is regarded as the width of the relief. The slope 

side of the trapeziform is known as transition region, which 

corresponds to the quality of the elements. In the 

experiments, the films with thickness of 2.0um and binary 

mask were used to investigate the shrinkage. Experimental 

data are shown in Table 1. 

Table 1 Relation between shrinkage percentage and exposure time 

Exposure Time        „7 .,, 
(min) 

60 120 

Shrinking ^ 3U 25 ß gg 

Percentage (%) 

The shrinking percentage was obtained as the ratio of the 

width of difference between the width of exposed areas and 

that of the above side of real-time relief, and exposed width. 

There was some errors arising from distinguish of the 

boundary between the above side and the transition region. 

Table 1 shows that the shrinkage is independent on he 

exposure dose. The shrinkage can be formed during the 

initial exposure. 

5. Discussion 

Compared to other negative optical material, such as 

DCG, the inorganic-organic sol-gel material is of very 

strong shrinkage effect. The reason for this is the incompact 

structure in sol-gel material besides its free radical 

polymerization, which is of more shrinkage than the cross- 

linking in DCG during exposure. The degree of 

polymerization in the sol-gel material is low, which causes 

the molecules to move easily, and irregular accumulated 

molecules cause a large lap between the molecules. To 

decrease the shrinkage effect, some measures should be 

taken in the composition of the materials, by increasing the 

degree of linear polymerization and filling the lap between 

the molecules. 

In this paper, new sensitive hybrid solgel material is 
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composed. With the material and contact copy, some 

preliminary experiments and application with this process 

have been reported. Of course, a more extensive and more 

systematic studies of the process should be undertaken. 
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The paste dried and hardened on glass substrate for fabrication of the PDP(Plasma Display Panel) 
barrier rib was selectively etched using focused Ar+ laser(l=514 nm)and Nd:YAG laser(X=266, 532 
nm) beam. A barrier rib was composed of mixtures which were made from organic gel, glass powder 
and ceramic powder. Using a second harmonic Nd:YAG laser (fc=532 nm), the threshold laser fluence 
was about 6.5 mJ/cm2 for the barrier rib samples softened at 120 °C. The thickness of 180 urn of the 
sample was completely removed without any damages on the glass substrate by laser fluence of 19.5 
J/cm2. In order to increase the etch rate of the barrier rib materials, samples were heated on a hot plate 
during the laser irradiation. The etch rate at the hot plate temperature of 200 °C was roughly 4.2 times 
faster than that of room temperature. 

Keywords : PDP barrier rib paste, Ar+ laser, Nd:YAG laser, heating effect, etch rate 

1. Introduction 

The interest in PDP (Plasma Display Panel) has been 
extended since it is an attractive method for fabricating 
large area HDTV(40 to 60 inch diagonal screen). The 
display construction consists of anode and cathode 
electrodes which are formed on the front and rear pieces of 
glass, and barrier ribs are utilized to form the individual 
pixels and prevent discharge in adjacent cells(cross 
talking)[l]. Several methods of the barrier rib formation 
have been developed as screen-printing, sand blasting, 
mechanical pressing, lift-off, etc. These methods have 
some problems including difficulties of large area 
alignment, low productivity, expensive cost and so on. 
Recent work has shown the potential to be applied laser to 
PDP devices, as ITO(indium tin oxide) used in transparent 
electrodes of PDP and PR(photoresist) used in etching 
process are patterned by laser writing system[2-4]. Thus, 
an attempt was made to develop a barrier rib 
manufacturing process using the laser patterning system in 
this study. In advance, we carried out investigations those 
were necessary to increase a throughput. 

2. experiment 

PDP barrier rib materials were patterned using 
CW(Continuous Wave) type Ar+ laser which of 
wavelength is 514 nm, and pulse type(repetition rate of 10 

Hz) Q-switched Nd:YAG laser which of fundamental 
wavelength is 1064 nm. SEM(Scanning Electron 
Microscope) was used in observation of etched depth, 
width, and cross-sectional profile of barrier rib materials 
by laser patterning. 

2.1 experimental equipment 

In this study, PDP barrier rib materials were patterned 
by using Ar+ laser(514 nm, CW) and Nd:YAG laser which 
can generate the fundamental wavelength at 1064 nm or its 
harmonics(532, 266 nm). These harmonics were achieved 
by specific modules easily plugged onto the optical head 
of laser. Ar+ laser beam was focused using a 20 x 
microscope objective lens. Second harmonic(A.=532 nm) 
and fourth harmonic(X=266 nm) beams of Nd.YAG laser 
were focused using lenses with focal length of 200 mm 
which were made of BK7 and fused silica, respectively. 
Figure 1 shows the schematic diagram of PDP barrier rib 
fabrication system using Nd:YAG laser. Samples were 
fixed on a xyz-motorized stage controlled by personal 
computer. Then samples were irradiated with focused 
Nd:YAG laser or Ar+ laser beam. To increase the etch rate 
of the sample we heated the substrate with a resistive 
heater. And in order to increase the throughput we 
generated multi-beams with a metal mask between the 
sample and the focusing lens. The metal mask was 
manufactured by wire cutting which was a simple and 
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cheep method of a metal patterning. A line and a space of 
the metal mask were 90 urn and 270 um, respectively. 

1064 nm 532 nm        266 nm 

higher than that of hardened sample as illustrated Fig. 2. 
The etch rate increases with increase of the laser fluence. 
But when fourth harmonic(266 nm) of Nd:YAG laser was 
used, the etch rate of sample was very low at any laser 
fluence. It was considered that absorption rate of the 
sample by Nd:YAG laser at wavelength of 532 nm was 
higher than that of 266 nm. 

focusing lens i 

xyz-motorized stage 

Fig. 1.    The schematic diagram of a PDP barrier rib 
fabrication system by   Nd:YAG laser 

2.2 samples 

Product percentages of the PDP barrier rib paste used 
for samples in this study are shown in table 1. We made 
two type samples of 180 nm thickness. Which of one is 
only dried below 120 °C and the other is hardened below 
565 °C. Each sample was made by 13 times screen 
printing with the paste. 

80 

45    60 

•g    40 
(2 

20 

,■' '   - -■- - dried samples 

/■ —•— hardend samples 

10   15   20   25   30   35   40   45   50 

Fluence (J/cm ) 

Fig. 2. The etch rate of PDP barrier rib materials accor- 
ding to laser fluence and properties of the sample using 
Nd:YAG laser(532 nm, beam scan speed of 200 um /s). 

Table 1. Product percentages of the PDP barrier rib paste for 
samples in this study 

Lead Compounds 

Aluminum Oxide 

Chrome Compounds 

ETC 

3. Results and discussion 

3.1   Etching   of  PDP   barrier   rib   materials   using 
Nd:YAG laser 

When second harmonic(532 nm) of Nd:YAG Laser was 
used, the etching threshold fluence for the PDP material 
was 6.5 mJ/cnf and the printed paste(thickness of 180 um) 
on the glass substrate was removed clearly at a laser 
fluence of 19.5 J/cm*. The etch rate of dried sample is 

3. 2 Increase in etch rate of the PDP barrier rib 
material by heating effect 

It is necessary to rise etch rate of the PDP barrier rib 
material in order to increase the throughput of the 
fabrication process. So we set a resistive heater on the xyz- 
motorized stage shown in figure 1, and irradiated Nd:YAG 
laser(532 nm) on the sample. As a result, etch rate of 
sample increase clearly above heating temperature of 
100 °C with Nd:YAG laser(532 nm) fluence of 97.5 J/cm2, 
beam scan speed of 200 um/s. Figure 3 shows the etched 
depth according to rising heat temperature. Figure 3(a) is a 
cross sectional SEM image showing the etched depth at 
room-temperature. Figure 3(b) is a cross sectional SEM 
image showing the etched depth at 200 °C . And etched 
depth as a function of heating temperature is plotted in 
figure 3(c). PDP barrier rib paste consists of solid powder, 
organic and inorganic gel. In typical firing process of PDP 
barrier rib paste, the first step from 110 °C to 130 °C 
removes the organic gel, the second step from 320 °C to 
340 °C does the inorganic gel. The third step of 565 °C 
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corresponds with the softening point of glass and adhere 
between solid powder in the paste and the substrate[5]. In 
case of using samples dried below 120 °C, organic gel still 
remained in the paste. This remainder was removed by 
substrate heating. Vacant sites and distortions in the paste 
were formed. As these results, the printed layer had many 
defects and then, became to be fragile. This imperfection 
of the structure compared to the sample without heat 
treatment allowed the effective etching by the subsequent 
laser beam irradiation[2]. 

*»5#S -£•;**■■#*¥       *E 3.-SS-*'  ' "    1Ä» 

(a) room-temperature 

200 

160 

(b) 200 °C 

D. 
<U -o 

u 
DJ 

40 200 80 120 160 

Temperature (° C) 

(c) 

Fig. 3 Cross-sectional SEM images showing the etched 
depth as a function of heating temperature at (a) room- 
temperature and (b) 200 °C (Nd:YAG laser at 532 nm, 
fluence of 97.5 mJ/cm2, scan speed of 200 um/s). (c) The 
etched depth as a function of heating temperature. 

Fig. 4 A cross-sectional SEM image of PDP barrier rib 
sample etched by Ar+ laser (laser power density = 32 
MW/cm2, beam scan speed of 200 um/s) 

3.4 Formation of PDP barrier rib using multi-beam of 
Nd:YAG laser 

In order to increase the throughput we set a metal mask 
between the sample and focusing lens as illustrated in 
figure 1 and generate multi-beam of Nd:YAG laser(532 
nm). There are 32 % loss of laser fluence with the mask. 
Figure 5 is the SEM image that shows a cross-sectional 
profile of PDP barrier rib etched by multi-beam of 
Nd:YAG laser using a metal mask. With laser fluence of 
2.86 J/cm2 and beam scan speed of 200 um/s, PDP barrier 
ribs of 10 lines are formed with one laser beam scan using 
the metal mask 

"«** 

3.3 Etching of PDP barrier rib materials using Ar+ 

laser 

Figure 4 is a cross-sectional SEM image of PDP barrier 
rib sample etched by Ar+ laser(514 nm). PDP barrier rib 
paste printed on the glass substrate was etched clearly 
without any damage of substrate at Ar+ laser power density 
of 32 MW/cm2 and scan speed of 200 um/s. When Ar+ 

laser power density is insufficient, the paste can not be 
evaporated and pilled up around the laser beam where the 
laser intensity is low. Assist gas jets at a side of focusing 
position could be answer about the sediment problem[6-7]. 

WTTTrrwnr^ ttfc£iÄi!T*iiSi. 

Fig. 5 A cross-sectional SEM image of PDP barrier rib 
sample etched by multi-beam of Nd:YAG laser using 
metal mask (laser fluence of 2.86 J/cm2, beam scan speed 
of 200 um/s) 

4. Conclusion 

This paper presented a method of PDP barrier rib 
fabrication using focused Ar+ laser and Nd:YAG laser. In 
case   of using  Nd:YAG   laser(532   nm),   the   etching 
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threshold fluence for the PDP barrier rib material was 6.5 
mJ/cm2 and the printed paste(thickness of 180 urn) on the 
glass substrate was removed clearly with laser fluence of 
19.5 J/ cm2. In order to increase the etch rate, samples 
were heated on the resistive heater. As a result, The etch 
rates were 65 um/s and 270 um/s at room temperature and 
200 °C, respectively. To raise the throughput we generated 
multi-beams of Nd:YAG laser using a metal mask between 
the sample and focusing lens. In this way, 10 lines of PDP 
barrier rib were formed by one laser beam scan with laser 
fluence of 2.86 J/cm2, beam scan speed of 200 um/s. 
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The physical mechanisms of dry and steam laser 
cleaning of the surface are investigated theoretically. 

At dry laser cleaning particles are removed from the 
surface due to inertial force that caused by particles and/or 
substrate tiiermal expansion by light absorption and 
thermal conduction. The condition of complete particle 
removal, when it does not return to the substrate, is 
defined. The considered physical mechanism of dry laser 
cleaning is propagated to multipulse regime. 

The physical mechanisms of steam laser cleaning are 
proposed to be caused by liquid layer vaporization near the 
particle surface due to substrate and/or particle light 
absorption and non-uniform action of vapor pressure to the 
particles. The evaluated thresholds of dry and steam laser 
cleaning are in a good agreement with known experimental 
data. 

1. Introduction 

The problems of laser cleaning of solid surface attract 
attention of many investigators now (for instance [1, 2]). 
Laser cleaning is used for removal of particles of different 
sizes and materials and films of soiling substances from 
solid surfaces. There are dry and steam laser cleaning 
methods, they are based on pulse laser heating of solid 
surafce, dry and in presence of liquid layer on it, 
correspondingly. The laser cleaning methods are free from 
shortcomings, which are peculiar to other methods, such as 
technological complication, necessity of washing and 
drying, shortcomings of oecological features. In the cases, 
when dry laser cleaning turns out to be not enough 
effective, steam laser cleaning is used. 

The physical mechanism of dry laser cleaning of the 
substrate surface is supposed to be connected with fast 
thermal enlargement of particles and/or substrate by 
nanosecond laser pulses action. Thermal enlargement 
creates the cleaning force overcoming the adhesion force, 
binding the particles and the substrate surface [1]. 

Our investigations of before-evaporation regimes of 
the laser induced front transfer (LIFT) [3] let use the 

physical models of solid film tearing-off from the donor 
substrate for description the dry laser cleaning process. 

The physical mechanism of steam laser cleaning of the 
surface is supposed to be connected with liquid layer 
heating by heat transfer from the substrate and with liquid 
vaporization by volume [1]. We tried to concretize the 
physical picture of this process, pointing out influence of 
particle absorption the process, and defining unevenness of 
vapor pressure distribution at the particle surface as the 
cause of the cleaning force appearance. 

2. Dry laser cleaning 
2.1. The cleaning force 

By laser action, the substrate and/or particles being at 
it absorb radiation. Substrate or particles heating can be 
caused (depending on their optical properties) as by direct 
light absorption, as by heat transfer from the absorbing 
substrate to the particles or from the absorbing particles to 
the substrate (Fig. 1). It should be noted that in the last case 
heating of the substrate zone under the particle is not 
effective because of radial thermal diffusion. If the 
particles are transparent or semi-transparent, the substrate 
absorption depends on different optical effects in particles: 
multi-reflection, size depended effects etc. 

Particle thermal 
enlargement 

Substrate thermal 
enlargement 

mnni7 1PH 
Absorbing 
particles 

ffiMAYM     ffi\VAY//A      substrate 
Fig.l. Illustration of the physical mechanisms 

of dry laser cleaning. 

By particle and/or substrate heating the particle mass 
center displacement 8 = 8S +5p takes place: 

hs(p) 

8S(p)=  jas(p)Ts(P)dys(p) (1) 
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8S and 8P are partial displacements caused by substrate (s) 
and particle (p) enlargement correspondingly, <xs, Op, hs, 
hp, Ts, Tp are linear coefficient of thermal enlargement, 
thickness and temperature increasing from the initial value 
of the substrate (s) and particle (p) correspondingly. 
Coordinate axes ys and yp are directed from the substrate 
(s) and particle (p) surfaces into them normally to the 
substrate surface. The coefficient k defines the connection 
between thermal enlargement of the whole particle and its 
mass center displacement and changes from 0 to  1. 

Thermally  small particles  (hp<Ja^r,  ap  is particle 

thermal diffusivity, x is pulse duration), i.e. up to micron 
size metal particles or lesser dielectric particles, are heated 
almost uniformly by their thickness and k « 0.5. By 
thermally large absorbing particles, thermal energy 
concentrates in their upper part and mass center 
displacement almost is absent, i.e. k a 0. By thermally 
large transparent particles heated from the substrate, 
thermal energy concentrates in their lower part and k « 1. 

Acceleration of the particle mass center bound with its 
thermal displacement causes the intertial force 
F0 = md28/dt2 , m is the particle mass. Value of this force 
can be obtain by comparison of equations (1) with energy 
balance equations: 

vS(p)' qdt=  jp s(p)cs(P)"Ts(p)dys(p) (2) 

q is incident radiation power per surface area unit, As, Ap, 
Ps> PP, cs, Cp are effective absorption coefficient, density 
and heat capacity of the substrate (s) and particle (p) 
corerspondingly. Effective absorption coefficient of some 
object is denned here as ratio of power received by the 
object due to radiation absorption and also due to thermal 
transfer, to power of the incident radiation at it. 

Obtained value of inertial force is: 

«sAs | k «pAp 

PsCs Ppcp 
(3) 

'S'-S rp-p  j 

During the pulse front edge, dq/dt > 0 and the force F0 
(F0 > 0) presses the particle to the substrate surface. During 
the back edge, dq/dt < 0 and the force |F0| (F0 < 0) acts as a 
cleaning force, learing-off the particle from the substrate 
surface. Particle tearing-off occurs, if cleaning force 
exceeds the adhesion force Fa. 

2.2. Surface cleaning condition 
The cleaning force disappears after pulse finishing, but 

the adhesion force remains. The teared-off particle will not 
return to the substrate, if its kinetic energy after finishing 
its and substrate's enlargement exceeds the work of 
particle moving to infinity against adhesion force: 

mu; JFadz (4) 

z is the distance between the particle lower surface and the 
substrate surface, u is particle mass center velocity, z. and 
u« are z and u values in the moment of the particle and 
surface enlargement finishing. 

Let us consider the peculiar cases of dry cleaning. 

2.2.1. Absorbing particles and/or absorbing substrate 
enlargement 

Particle moving from the substrate starts at the 
moment of pulse back edge beginning t = 0. The equation 
of its movement is: 

d2x      _ / \ 
m-^r = -Fa(z) (5) 

x is the distance between the particle mass center and the 
initial placement of the substrate surface. The correlation 
between coordinates x and z is: 

dx 
dt 

The initial conditions: z = zo, dz/dt = 0 by t = 0. The initial 
distance between the particle and substrate z0 is defined in 
[1] as atomic separation. 

Deciding approximately the equation (5) together with 
cleaning condiiton (4), we obtain the value of the cleaning 
force |F0|, which is necessary for complete particle 
removal. For enough large values of Fa(/o)/m (particle size 
isd« 10 (a) it is: 

m 

dz    d8 
dt+ dt 

(6) 

|F.|>fF.(>0)+f-*T-r 2 3 n -1 T. 
(7) 

x, is pulse back edge duration. 
The number n depends on the kind of adhesion force: 

Fa ~ l/z". For Van der Waals forces n = 2-3 [1]. 
Correspondingly, the cleaning condition for laser 

intensity E is: 
3Fa(z0) bx2 

£>- 
8    m «SAS 

PsCs 

cx„A„      ^ 
(8) 

PP
C

P 

2x, 
is a coefficient defining the temporal shape of the 

pulse, Eft is a threshold intensity: 
zo 

Sth 
_2       (n-l)b 

3 «sAs  , k «PAP 
(9) 

Pscs P c 

2.2.2. Transparent particles enlargement 
If the particles are transparent and the substrate is 

absorbing one, but the thermal enlargement coefficient of 
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the particle is much more than Ihe same of Ihe substrate 
(«p»«s), the cleaning force is caused by particle 
enlargement due to its heating from the substrate. By this, 
substrate enlargement is almost absent. Particle 
enlargement, in this case, is stopped by pulse back edge 
beginning (t = 0) due to thermal contact interruption by 
particle separation from the substrate. Therefore the values 
u» and z» in the cleaning condition (4) are defined in the 
moment t = 0. Calculated intensity value, which is 
necessary for complete cleaning is: 

PP
C

P   „ /   ZQ     Fa(z<J 
E> 

ka „A„ 
p   p 

2(n-l) m 
(10) 

2.3. Dry laser cleaning in the multipulse regime 
In spite of developed idea about the nature of the 

adhesion force, its concrete value is difficult to define due 
to indefinites of particle shape, its real contact area with 
substrate and other factors. Therefore we shall use the 
experimentally defined value of the adhesion force per unit 
area of the particles section: P = ppdFa/m. 

The P value depends on materials properties, particles 
shape and a number of other factors, and is about ~ 106 

N/m2. Analysing the above given cleaning conditions (8, 
10), one can show, that the calculated values of P, by 
which cleaning takes place, are much less than the real 
values. In practice, the multipulse regime is used, the 
number of pulses is about N » 100 [1]. The physical 
mechanism of the process seems to be following. The 
partial particle tearing-off, i.e. decreasing of its contact 
area with the substrate, occurs by each pulse. By this, 
adhesion force decreases each time by some value AFa. 
The partial relaxation occurs between the pulses. So, 
adhesion force decreases by value (1 - ß)NAFa after the N- 
th pulse (ß < 1 is relaxation coefficient, it supposedly 
increases by laser repetition rate f decreasing, particle size 
d increasing and depends on materials of the substrate and 
particles and particles shape). If (1 - ß)NÄFa = Fa, the 
particle is removed from the substrate after the N-th pulse. 
From (8) and (10) one can obtain values of P and d by 
which cleaning takes place: 

-by thermal enlargement of adsorbing particles and/or 
adsorbing substrate: 

|<|(l-ß)NpF 
<*sAs  |k

apAP 

PsCs P C ^p  p } 

(ß-O     dl) 

Eö, is threshold intensity (13); 
- by thermal enlargement of transparent particles: 

:2(l-ß)NP[ ika^ 
Ppcpy 

n-1 (12) 

Table 1. Calculated and experimentally measured [1] 
values of threshold intensity for dry laser cleaning of 

quartz substrate from Cu and Al particles for different 
wavelengths X (n = 2, b = 1 assumed). 

£th, m.I/cm 

A. = 286nm A. = 532nm >L=1064nm 
Cu calc. 23.8 26.9 63.2 

exp. 20 40 80 
Al calc. 18.3 25.2 27.9 

exp. 10 30 40 

3. Steam laser cleaning 

By steam laser cleaning of the substrate surface it is 
covered by thin layer of liquid. The particles and the liquid 
layer are removed from the substrate surface by laser pulse 
action. The physical mechanism of the cleaning process 
defines by the way of heat transfer to the evaporating 
liquid. 

3.1. Absorbing particles at the transparent substrate 
The upper part of the particle heats first of all by its 

light absorption. Liquid above the particle's top also heats 
and evaporates due to heat transfer from the heated particle 
top, its evaporation is like micro-explosion. By this, the 
particle top becomes free from the liquid. Then Ihe particle 
heats into, and liquid, which is adjoining to the heated 
particle surface, heats and thin layer of it evaporates. 
Appeared vapor pressure pushes off the liquid from the 
particle surface in the evaporation region. As a result, the 
heat transfer from the heated particle to the liquid 
decreases and evaporation decreases or ends. Therefore 
effective evaporation occurs only in the narrow region at 
the particle surface near the isotherm of liquid boiling 
temperature Tev. So, the vapor canal forms around the 
particle sufäce. It broadens up and depends in time and 
vapor pressure is maximum in its lower part (Fig.2a). 

'*"/*. ^W/W'/f////, 
a) b) 

Fig.2. Illustration of the physical mechanisms 
of steam laser cleaning: 

a — absorbing particle, b — absorbing substrate 

The action of vapor pressure at the particle depends on 
position of the effective evaporation region. When it is 
situated near the particle's upper part, the vertical 
projection of the force of vapor pressure F„ (normal to the 
substrate surface) is directed down, to the substrate surface 
and presses the particle to it. During vapor canal 
development, the effective evaporation region transfers to 
the lower part of the particle. By this, Fn becomes directed 
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up, and if F„ > Fa, il pushes Hie particle up from the 
substrate surface. 

Threshold intensity Sth of steam laser cleaning Z& in 
considered case can be evaluated as laser intensity value, 
which is necessary for heating of the whole particle to the 
temperature '!'„: 

PA^-T.) (l3) 

Ap   is average absorption  coefficient of the particle 
regarding influence of the angle of incidence, T0 is die 
initial temperature. 

The shape of the particles and their position relatively 
the substrate surface considerably influence the 
efefctiveness and possibility of cleaning. Naturally, 
removal of the particles, which maximum area section is 
near the substrate surface (like hemisphere lying at the 
plate surface), is difficult: the force Fn is always directed 
down. Presence of some particles of such kind explains the 
observed efefct of noncomplete cleaning [1]. 

3.2. Transparent particles at the absorbing substrate 
Heating of the absorbing substrate causes heating and 

explosion-like evaporation of the liquid near the substrate 
surface. By this, vapor pressure acts the lower part of the 
particle, therefore the force F„ is directed up. By F„ > Fa 
the particle is removed from the substrate surface (Fig.2a). 

The threshold intensity in this case can be defined as 
laser intensity value, which is necessary for substrate 
surface heating up to the temperature T^: 

+ Plc,VaT)(T~;^       (14) 

pi, CI, ai are density, thermal capacity and thermal 
difllisivity of the liquid correspondingly, as is thermal 
diflusivity of the substrate. 

3.3. Absorbing particles at the absorbing substrate 
In this case, the substrate surface near lower part of the 

particle is situated in its shadow and does not absorbs laser 
radiation. Liquid in this region can heats by heat transfer as 
from die particle top, as from irradiated substrate zone. The 
criterion   of the  prevailing  thermal  transfer   way  is 

<p = ApJa^/(ASA/a7|. If cp > 1 liquid in the shadow region 

heats basically from the particle (see p.3.1). If cp < 1 — 
from the substrate (cleaning mechanism is like that 
considered in p.3.2). 

Let us calculate threshold intensity for steam cleaning 
of NiP substrate from 1 ji Al particles by using isopropanol 
alcohol as luquid for cleaning (TCT = 355 K) and 
wavelength k = 248 nm. In this case cp > 1 and assuming 
Ap = (l - R)/2 (R is reflectivity by normal incidence) and 

: \PscsVas 

Experimentally measured value for the same conditions f 1] 
is 30 mJ/cm2. 

4. Conclusion 

The worked out physical mechanisms of dry and steam 
laser cleaning of the surface show the following 
regularities. 

Characteristics of dry laser cleaning processes 
considerably differ for case of adsorbing particles and/or 
adsorbing substrate and for case of transparent particles by 
its heating from the substrate. In particular, there is some 
threshold intensity in the first case, and it is almost absent 
in the second case. Threshold intensity value depends on 
physical properties of the particles and substrate materials, 
particle size and temporal shape of the pulse. Calculated 
values of threshold intensity are in a good agreement with 
experimental data. Dry cleaning effectiveness depends on 
optical and thermal properties of the substrate and particles 
and coefficients of their thermal enlargement. In particular, 
the effective cleaning of the substrate from thermally large 
particles is possible, if radiation is absorbed by the 
substrate. For thermally small particles can be used 
radiation absorption as by the substrate, as by the particles. 
If radiation is absorbed by small particles (< 0.1 u), 
cleaning effectiveness increases by particle size increasing, 
by larger sizes of the particles it decreases, since quantity 
of thermal energy received by the lower part of the particle 
is unsufficient and since relaxation increases. Cleaning 
effectiveness increases by laser pulses repetition rate. 

The physical mechanism of steam cleaning is 
connected with prevalent action of vapor pressure to lower 
part of the particle surface. The regularities of the steam 
laser cleaning are different for die substrate and particles 
materials with differ thermal and optical properties. 
Depending on Qieir correlation, liquid evaporation is 
caused its healing by the particles or by the substrate. 
There are Üireshold intensities in botii cases, hi die first 
case, it is proportional to the particle size, in the second 
case — to T

1/2
. The steam laser cleaning effectiveness is 

considerably depends on particle shape. 

5. References 
[1] Y.F.Lu, W.D.Song, Y.Zhang, T.S.Low. Proceedings of 

SPIE, 3550, (1998), pp.7. 
(2J J.Boneberg,    M.Mosbacher,    V.Dobler,    P.Leider, 

N.Chaoui,    J.Siegel,    J.Solis,    S.N.Afbnso.     'lhe 
EOS/SPIE International Symposia on Industrial Lasers 
and Inspection, Munich, Germany, 1999. 

[3] V.P.Veiko, AI.Kaidanov, RA.Kovachki, 
E.AShakhno. Proceedings of SPIE, 1856,  (1993), 
pp.11. 

To 20 C,   one   can   obtain:   e,h   =   32.6   mJ/cm. 

182 Proc. SPIE Vol. 4088 



N2 Laser Stereo-Lithography 

Saburoh SATOH*, Takao TANAKA*, Nobuya HAYASHI* 

and Chobei YAMABE* 

♦Department of Electrical and Electronic Engineering, Faculty of Science and Engineering, 
Saga university, 1 Honjyo-machi, Saga, 840-8502, Japan 

TEL:+81-952-28-8655,FAX:+81-952-28-8651 
E-Mail: satoh@esp.ee.saga-u.ac.jp 

A number of pulsed and/or continuous wave lasers are applied in stereo-lithography. In particular, 
the He-Cd laser and Ar ion laser with a wavelength of 325nm and 351/364nm respectively are used as 
ultraviolet (UV) light source. Disadvantages of these lasers include inefficient output energy, which is less 
than 0.1%, large machine size, insufficient output power, and they are very expensive. In the near future, 
these lasers are expected to increasingly lack the requested performance for higher speed stereo- 
lithography systems. Moreover, there will be growing demands for lower cost apparatus. 

For the laser stereo-lithography, the N2 laser with cylindrical tube has been adopted to achieve a 
lower cost type UV light source. Because of its excellent output efficiency, it is expect to downsize the 
power supply and laser head, and allows air-cooling. Moreover we adopt an optical fiber system for its 
optics, because the N2 laser output beam divergence has an excessive, 

In view of this, attempts were made to develop a special design cylindrical tube as the UV light 
source. This paper reports the fundamental characteristics of this laser. 

Key words: stereo-lithography, UV light source, N2 laser, cylindrical tube, optical fiber system 

1.   Introduction 

A number of pulsed and/or continuous wave lasers are 
applied in stereo-lithography'H). In particular, the He-Cd 
laser and Ar ion laser with a wavelength of 325nm and 
351/364nm respectively are used as ultraviolet (UV) 
light source. Disadvantages of these lasers include 
inefficient output energy, which is less than 0.1%, large 
machine size, insufficient output power, and they are 
very expensive. In the near future, these lasers are 
expected to increasingly lack the requested performance 
for higher speed stereo-lithography systems5'. Moreover, 
there will be growing demands for lower cost apparatus. 

On the other hand, excimer laser, a high peak pulsed 
power laser with UV light emission, is considered an 
appropriate UV light source for semiconductors and/or 

photochemical processes6'. A XeCl excimer laser 
(308nm) annealing for liquid crystal display panel is 
currently being put to practical use7'. XeCl excimer laser 
has a disadvantage because it employs only pulse laser. 
Its output efficiency is however over 1% which is the 
highest level amongst UV-lasers. Moreover it is easy to 
set the laser output power over 100W. To apply excimer 
laser for stereo-lithography, we propose a new concept 
for the mask type optical system.8'"9' 

Because of its easy operation, a N2 laser and an 
excimer lamp can realize lower-cost stereo-lithography 
equipment. In view of this, attempts were made to 
develop a special design cylindrical N2 laser tube and 
excimer lamp as the UV light source10'. 

This paper reports the fundamental characteristics of 
this laser. 
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Table 1.    Characteristics of different lasers and excimer lamp 

Lasers Lamp 
XeCl Ar He-Cd XeCl N2 

Continuous/ 
pulse 

Continuous Continuous Pulse 
2kHz 

Pulse 
1kHz 

Continuous 

Wave length 
(nm) 

364 
351 

325 308 337 308 

Output power 
(mW) 

100-500 20-40 1400 50 250 

Input power 
(kW) 

10-20 0.6-0.8 0.2 0.3 0.02 

Cooling Water Air Air Air Air 
Optical system Galvanomirror Galvanomirror Mask Fiber Fiber 

Total reflector 

300 Q 

Output mirror 

I I ^^^^^^u^^u^^^Y^^^^u^^^^^^^N J ■ 

AAAr 
1MQ 

Thyratron 
EEV : CX1625 

Fig. 1 Electric circuit and laser tube of N2 laser 

2.   Stereo-Lithography Technology 

Stereo-lithography is a technology for creating 3 
dimensional (3D) high precision models with 
photochemical reaction which locally cures liquid resin 
with UV-light. The 3D model is pre-designed with a 
computer aided design (CAD) system, converted to counter 
data which indicates each cross section pattern, after which, 
UV-laser functions as a point pattern-maker on the surface 
of the liquid resin. In this resin, photosensitive material 

(photoinitiator) reacts to the UV-light, polymerizes the 
surrounding molecules, and finally expands to a huge 
molecule. With UV laser, only a thin layer of liquid resin 
surface is cured, which makes it necessary to create layers 
one by one, successively. 

Table 1 shows a comparison of the characteristics of 
several kinds of lasers and an excimer lamp. The Ar ion 
laser and the He-Cd laser are conventional lasers for stereo- 
lithography. The XeCl excimer laser is a typical laser for 
industrial use, which has a low output power but sufficient 
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repetition rate. We are currently developing the XeCl 
excimer lamp and the N2 laser. These lamp and laser are 
expected to downsize the power supply and lamp/laser head, 
and allow air-cooling because of its excellent output 
efficiency and its easy operation. And moreover, these will 

be expected to be low-cost apparatus. 
On the other hand, if a conventional optical system with 

the He-Cd laser and a galvanomirror were applied to its 
optics, it would be impossible to achieve the maximum 
power and efficiency by the excimer lamp and the N2 laser. 
Because these lamp and laser are easy to operate but output 
beam divergences have an excessive, we adopt an optical 
fiber system for its optics. 

3.   Experiment and Result 
Figure 1 shows a N2 laser and an exciting electric circuit. 

Its cylindrical tube was made from alumina (A1203) of 3mm 
in bore diameter and 150mm in length. To perform corona 
discharge inside the laser tube as a preionization, out side of 
the laser tube of 100mm in length was covered with a 
copper thin sheet named an auxiliary electrode, which 
connected to a capacitor C3. Both ends of the tube were 
terminated with mirror flanges, which hold the discharge 
electrodes simultaneously and connected to a main 
capacitor Cl and peaking capacitors C2. Both mirrors also 
could be aligned easily. The pure N2 gas was used at a 

pressure of 1.3 kPa. 
When Cl and C3 was charged and Thyratron was fired, 

high dv/dt voltage was applied to the auxiliary electrode 
because of its small capacitance, and corona discharge 
occurred inside the laser tube as an effective preionization. 
After the C2 voltage was gradually increased, the main 
discharge and the laser emission were performed. 

The optical system consisted of an UV achromatic 
objective lens LMU-10X-308nm (OFR Inc.), an optical 
UV-fiber SC200/250 (FUJIKURA Ltd.) with a core/clad 
diameter of 0.2/0.25 mm and length of 2 m, and a X-Y 
plotter MP5300 (GRAPHTEC Inc.) controlled by a 
personal computer. The sample resin was "ADEKA 
LASCURE HS-660" produced by CMET Inc., whose 
absorption depth was 0.1mm at a He-Cd laser of 325nm 
and was 0.2mm at a N2 laser of 337nm. The N2 laser UV 
light was irradiated on the surface of the resin as a 
parameter of the laser energy density. After post curing the 
object with off-focused XeCl excimer laser EMG50E 
(Lambda Physik Inc.), the thickness and weight were 
measured with a micrometer and a chemical balance weight 

measure. 
Finally, we tried to make a 3D article based on the above 

fundamental results. It was set that the curing depth was 
0.15 mm, and the UV light energy density from the end of 
the fiber was less than 20 mJ/cm2. After a layer was 
solidified, the object was submerged by several mm into the 
liquid resin, immediately raised up, and set at the next 
position to which 0.15 mm was added from the previous 
setting position with the Z axis table controlled by a 

personal computer. Finally, the object was washed with 
alcohol to remove the non-cured resin and dried by off- 
focused excimer laser beam in the post curing process. 

Figure 2 and 3 show the output characteristics of the N2 
laser and the output power from fiber at repetition rate of 
100 Hz. UV emissions increased with the applied voltage. 
Compared with the operating pressures, UV emission at 1.3 
kPa was the maximum at the applied voltage of 13 kV. It 
was supposed that discharge uniformity improved at this 
gas pressure and higher applied voltages. 

On the other hand, UV emission per pulse slightly 
decreased when the repetition rate increased over 100 Hz. 
The maximum UV emission per pulse of 90 ß J at 100 Hz 
and the maximum average power of 50 mW at 1000 Hz 

were obtained. 
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Fig. 2 Output characteristics of N2 laser 
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4.   Conclusion 

A N2 laser has been adapted to achieve a lower cost UV 
light source in laser stereo-lithography. The excellent 
output efficiency and easy operation of the N2 laser allow 
down sizing of the power supply and laser head, and air- 
cooling. Moreover to realize the maximum output power 
and efficiency, an optical fiber system is adopted for its 
lithography optics. 

In this experiment, a new type cylindrical laser tube with 
a bore diameter of 3mm and length of 150mm was 
examined. With laser operation, UV emissions increased 
with the applied voltage and indicated the maximum output 

power at a pressure of 1.3 kPa. The emission per pulse also 
slightly decreased when the repetition rate was over 100 Hz. 
The maximum UV emission per pulse of 90 ß J at 100 Hz 
and maximum average power of 50 mW at 1000 Hz were 
obtained. 

In the next study we will investigate the conditions in 
which the N2 laser is the most useful for stereo-lithography 
from the point of accuracy, curl and distortion to construct 

3D articles, and for lower cost apparatus. 

We would like to express our thanks to SMET Inc. for 
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at Toshiba but now at BELL TECHNO Inc. with whom we 
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a Grant-in-Aid for Scientific Research from the Ministry of 
Education, Science, Culture and Sports. 
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Using 30-1000 p. s pulses and 9.3 p m wavelength from a C02 slab waveguide laser, focused to a spot size 

of 130 p m, we have produced holes in synthetic quartz, soda-lime glass, and Pyrex glass substrates. In the three 

types of substrates, the mass removal per pulse increases almost linearly with the pulse energy used to vary the 

pulse interval. The removal rates of the three substrates are almost the same. We examine the effect of the pulse 
interval on the hole structure and the pile-up around the hole in single- and multiple-pulse hole drilling. The 

deformation in the pile-up region can be accounted by the melting walls of the hole. Moreover, we examine the 

effect of pulse energy on the inclination of the hole walls. A multiple-pulse hole shaping technique is effective in 

decreasing the height coefficient of the pile-up region and the angle of inclination. 

Keywords: Laser micro-ir^hining, Hole drilling, Slab waveguide laser, Gass. 

1. Introduction 

To achieve high speed and high information transfer in radio 

communication systems, wide-band millimeter-wave radio 

systems have been actively developed. To realize these systems, 

the authors propose a multi-chip module structure where GaAs 

active circuits are flip-chip mounted on multi-layered circuits, 

which are fabricated on a low-cost silicon substrate.[l] However, 

substrates require a low dielectric constant and low-loss materials 

for operating in the millimeter wave frequency bands. From the 

point of view of low-loss characteristics, glass is better than silicon. 
Mcromachining of quartz glass is rather difficult compared to 

that of silicon substrate. Further, miniaturization and multi-layering 

of the chips require flatness and verticality of < 1 (im accuracy. 

Substrates have reduced their size so much that glass fabrications 

by conventional machining techniques such as sand blasting and 

ultrasonic machining have become too costly and difficult. 
Reactive ion etching (RE) is the most popular method of 

micromachining for glass. However, RE requires a 
photolithography process and its etching rate of glass is lower than 

that of silicon. Recently, much attention has been paid to pulsed 

laser as a powerful tool for micro-patterning and drilling of 

substrates. Over the past decade, pulsed C02 lasers are well known 

to be capable of precision materials processing for polymeric and 

ceramic substrates.[2] Recently, direct writing of a micro-optical 

structure on quartz glass by a high precision laser was 

demonstrated using a pulsed C02 slab waveguide laser.[3] The 

mechanism of hole drilling is mainly due to the melting effects by 

infrared rays. Therefore, the melting region is larger around the 

hole and the hole accuracy is low. 
Many beam parameters (energy, duration of the laser pulse, 

number of laser pulses, focused beam size, etc.) must be 

considered for obtaining the given hole dimensions. We have used 
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a C02 slab waveguide laser to demonstrate that the height of the 

pile-up around a hole is dependent on the type of glass substrate 

used, the pulse duration, and the number of laser pulses. 

2. Experimental 

A Sealed, pulsed RF, slab waveguide C02 laser 

(DIAMOND™ 841, Coherent Inc) operating at 9.3 p mis used as 
a light source. Power density is 5 X1010 W/m2. In this experiment, 

the laser pulse energy is controlled by an optical attenuator; the 

pulse energy is controlled by an internal pulse generator. The beam 

is focused onto the substrate using an aspheric lens of 88.9 mm 

focal length and producing a spot diameter of -130 p m. The 

pulse rises in power towards a quasi-cw level of-500 W from 30 

/xstolOO jusandthen is held constant from 100 /zstolOOO p 

s. The desired laser pulse repetition rate can be selected from 1 Hz 

to 20 kHz. Pulse energy is in direct proportion to the pulse interval. 

Synthetic quartz, soda-lime glass, and normal Pyrex glass 

substrates are employed in our experiments. They are device 

assembly substrates used for practical applications. 

3. Results and discussion 

3.1 Defocusing 
The beam-focusing conditions influence the hole profile to a 

large degree. Figure 1 presents the hole diameter and the taper 

angle of the hole in quartz glass at constant radiant energy but at 
different focus locations with respect to the front surface of the 

substrate. The walls melt slightly due to heat conduction when the 

light flux propagates parallel to them. However, in practical hole 
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drilling applications, irradiation by a diverging beam of sufficient 

density causes extensive melting of the walls. 

3.2 Single-puke hole drilling 
With respect to the laser machinability, we have compared 

three types of glass substrates for laser-pulse hole drilling. Figure 2 

shows hole depth per single pulse versus pulse interval. The depth 

increases almost linearly with the pulse energy. It is found that the 

speed of material removal increases with the local irradiance. The 

removal rates of the three types of glass are very similar. 

Scanning electron micrographs (SEM) of the holes in the three 

types of glass substrates are shown in Fig.3 at a pulse interval of 

1000 p s. These are the surfaces where the laser first strikes. 

Gaussian beams tend to form round holes with diameters roughly 

equal to the beam diameter near the surface. There is a pile-up 

around every hole, which is mainly due to the melt displacement 

toward the outer rim. On the exit surface, a similar pile-up can be 

observed. In Fig.3(c), debris outside of the pile-up is observed. 
During the early stages of hole formation, its diameter changes 

only slightly, while its depth grows linearly with time due to 

evaporation from the entire irradiated area. Then the combination 

of intensive hole-wall melting and liquid-phase ejection slows 

down of the rate of depth increase. Comparing the three substrates, 
the soda-lime glass produces much larger amounts of sputter 

around the hole and micro cracking is evident in the surrounding 

area on the front surface. Moreover, large cracks have formed on 

the rear surface of the soda-lime glass. In the soda-lime glass, the 
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Fig.1 Hole diameter and taper angle of a hole in quartz glass for 

different focus locations on the front surface of the substrate. 
Fig2 Hole depth per single pulse versus pulse interval. 
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(a) (b) (c) 
Fig3 Scanning electron micrographs of the holes from the laser input surface, (a) Synthetic quartz, (b) Pyrex glass and (c) Soda-lime glass. 

residual stress is expected to be larger than quartz glass because of 

its high thermal expansion coefficient and large mass of molten 

glass created due to its low melting point.[3] We have shown that 

the three types of substrates have similar mass removal rates, and 

so the higher-pile-up created in soda-lime must be caused by melt 

displacement toward the outer rim. 
Figure 4 shows the height coefficient of pile-up versus the 

pulse interval. The height decreases with increasing pulse interval. 

The decrease of the height is due mainly to melting effects. 

However, the height saturates at an interval above 400 ß s. In the 
cases of soda-lime and Pyrex, they saturate around 1.5 X10'5. In 

the case ofquartz, it saturates around 5 X10"6. At over 400 /zs,the 
pulses are too long to promote material removal by vaporization 

and increased melt depths. It is found that signs of micro cracking 
are present in the pile-up area Allcock et al[4] reported a material 

removal mechanism in soda-lime glass using a TEA-C02 laser. 

They have concluded that micro cracking occurs due to residual 
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stresses left within the substrate upon cooling. 
Figure 5 shows the angle of inclination versus the pulse 

interval. The angle decreases with increasing pulse intervals up to 

300 ß s and is mainly due to Gaussian beams. It then saturates 

around 10° beyond 700 ßs. The saturation is probably due to the 

point of focus. It is seen that the hole depth and diameter have a 
nonlinear relationship with the pulse energy. The longer the pulse, 

the larger the meh volume and, therefore, the larger the hole-size 

scatter. In addition, long pulse durations (more than 0.8 ms) 

adversely affects a large region, where structural changes occur, as 

well as the appearance of defects, such as cracks, on the hole 

surface as a result of the increase of the heat-affected layer. 
With respect to laser machinability, quartz is the best of the 

three used in this experiment. A small fraction of the liquid phase 
remains on the walls after the end of the laser pulse. It is very 

important to understand the vaporization kinetics and the 

hydrodynamic rejection of the liquid-phase material, hi these 

conditions, the precision of single-pulse hole drilling usually does 
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Fig.4 Height coefficient of pile-up versus pulse interval. Fig.5 Angle of inclination in hole wall versus pulse interval. 
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not reach saturation. In single-pulse material treatment, the hole- 

size scatter is determined first and foremost by the instability of the 

laser-pulse parameters. The most efficient way of increasing the 

laser drilling precision is to use the multiple-pulse treatment 

technique.[5] 

3.3 Multiple-pulse hole drilling 
The technique of multiple-pulse hole drilling shapes the hole 

by means of applying a train of identical laser pulses at a given 

energy and duration. Figure 6 shows the height coefficient of pile- 

up versus the number of laser pulses. The angle decreases in height 

with increasing irradiation number from 1 to 3. The decrease in 

height is due mainly to mehing effects. However, the height is 

minimized around 2 X10* at 6 or 7 pulses. 

Figure 7 shows the angle of inclination versus the number of 

laser pulses. The angle decreases with increasing irradiation 

number up to around 20 and then it saturates. In the cases of 100 

and 400 fi s, they saturate at around 7° .In the case of 1000 ßs, 

it saturates at around 4.5° . A hole can form in a 0.5 mm thick 
quartz glass at an interval above 400 \i s by single pulse. Multiple- 

pulse processing at an interval of 100 ß s allows the hole depth to 

grow gradually due to the layer-by-layer vaporization by each 

pulse. At 1000 ix s, the height monotonically rises beyond 7 

pulses. This is evidence that thermal conduction melting outside 

the beam is occurring, defining a heat affected zone of several tens 

of microns wide. The existence of a minimum value is affecting 
the heating and destruction of the walls. This trial shows that good 

results are possible using muhi-pulse technology. 

4. Condusions 

Material removal in hole drilling is basically connected with 

the disintegration of the substance in the irradiated zone and the 

subsequent motion of the melting material and debris. We have 

examined the pile-up around the hole and the inclination of the 

walls at various pulse energies. Using pulsed C02 laser, material is 

removed by surface evaporation and hydromechanics where heat 

conduction is not negligible. We have concluded with the 

following: 

(1) Glass having a lower melting point and a larger thermal 

expansion coefficient is not feasible for precision hole drilling. 

(2) In single-pulse hole drilling, there is a limitation on the precise 

hole shape because of the liquid-phase residue in the hole after 

the pulse. 

(3) In multi-pulse hole drilling an optimum number of pulses exist 

for precise hole formation. 

Future work will include further testing of other glasses and 

lens systems, aiming toward smaller beams, greater material 

removal depth and higher accuracy. 
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ArF excimer lasers are the light source of choice for the next generation of microlithographic tools 
enabling structures below the 130nm technology node. For these lithographic mass production lines 
Komatsu successfully developed an ArF excimer laser, named "G20A", which has a 2kHz pulse 
repetition rate, 10W average power and 0.5pm (FWHM) spectral bandwidth. 

G20A has three significantly improved important items: (1) the high resolution line narrowing 
module, (2) the high power and high repetition rate solid state pulse power module, and (3) the Xe 
added laser gas yielding an improved overall laser performance. 

ArF laser spectra were determined with our newly developed high-resolution spectrometer. The 
instrument function of the spectrometer was measured with a 193nm coherent light source jointly 
developed with the University of Tokyo. 

The laser gas composition is one key parameter of excimer laser performance. The deteriorating 
effect of impurities on ArF performance is e.g. ten times larger than on KrF performance. We 
observed that added Xe gas, however, has a beneficial effect on the pulse energy and the energy 
stability at high repetition rates. 

Experimental results of a currently developed 4 kHz ArF laser are also reported. 

Keywords:  lithography, ArF, excimer laser,  high repetition rate, xenon, impurity, metrology, 
spectrum 

1. Introduction 

This paper reports key technologies and performances of 
high repetition rate ArF lasers developed by Komatsu. 

ArF excimer laser lithography is moving from R&D to 
mass production thus requiring that performance and 
durability of ArF lasers match the KrF laser standard. 
Especially, the ArF laser durability, which directly effects 
the cost of operation of the laser device, has to be improved 
in order to allow the industrial usage of ArF lithography. 

Earlier, we already reported the billion level durability 
of our ArF laser [1]. In addition, high repetition rate ArF 
lasers are required for next generation, high NA, high 
throughput scanners. The performance of high repetition 
rate ArF lasers, however, is very sensitive to various factors 

such as characteristics of electrical components, optical 
elements and gas conditions. 

Chapter 2 describes the modular G20K laser system, 
chapter 3 Komatsu's original ArF laser key technologies 
that significantly improve performance, reliability and 
quality of the ArF laser. Chapter 4 and 5 finally present laser 
performance data at 2kHz and 4kHz repetition rate, 
respectively. 

2.   ArF excimer laser system 

A schematic of the laser light source is shown in Fig. 1. 
The excimer laser includes a monitor module(MM) which 
monitors the laser beam quality, a line narrowing module 
(LNM) which limits the oscillation bandwidth and a pulse 
power module(PPM) which generates fast electrical pulses 
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causing gas discharges and thus providing the laser gain in 
the laser chamber. In the next chapter, technical points of 
these components are discussed. 

Line 
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PPM Monitor 
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Gas Module Mfli 
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Fig. 1 Schematic diagram of excimer laser 

3.   ArF laser key technology 

Komatsu developed several original key technologies 
providing high precision, durable laser devices. Main 
technologies are presented in this chapter. 

3.1 RF pre-ionization based chamber[2] 
A radio frequency electric discharge through a dielectric 

medium has uniform and long range characteristics, because 
the dielectric layer acts as a stabilization impedance of the 
electric discharge and the distributed circuit (RF pre- 
ionization). Therefore an initially uniform electron 
distribution can be produced and the output stability of 
excimer lasers using RF pre-ionization is consequently very 
high. This technology also enables higher repetition rate 
operation. 

3.2 Solid state switch pulsed power technology [2] 
An all solid state pulsed power supply, combining a 

saturable reactor and a solid state switch, has been 
developed. The lifetime of this pulsed power supply 
surpasses ten billion pulses because its components do not 
degrade. In addition, the power supply has a higher stability 
than supplies using thyratron switches, thus providing lower 
pulse-to-pulse energy fluctuations. 

3.3 High   resolution   line   narrowing   and   monitor 
modules[l] 

The narrow spectral bandwidth of the excimer laser 
oscillation is obtained using a high-resolution line-narrowing 
module that includes several dispersive elements such as 
prisms and a high-resolution diffraction grating. CaF2 optical 
elements are used to further increase the laser durability. 

Moreover, a new LNM design with decreased optical path is 
adopted in order to increase the output energy. 

The laser is equipped with a monitor module that 
measures the spectral bandwidth, the central wavelength and 
the output energy. In addition, these laser parameters are 
stabilized by a feedback control system. 

The permanent absorption of UV-light of optical 
elements used for wavelength selection and monitoring 
changes their optical characteristics. This problem can be 
reduced by using materials with ultra-violet resistance and a 
small UV-absorption. In addition, drifts of the optical MM 
wavelength calibration elements are monitored in real time 
using an atomic light source as absolute wavelength 
standard. The high accuracy absolute-wavelength stability 
is further guaranteed by a feedback control of the calibration 
unit. 

3.4 Gas contamination control[4] 
Impurities of the laser gas greatly effect the performance 

of the ArF laser as we discovered during a fundamental 
research cooperation with Kyushu university [3]. We 
therefore propose to add Xe gas to the laser gas in order to 
stabilize and to enhance the ArF laser performance. As we 
noted, gases like 02, C02, and Xe added to ultrahigh purity 
gas increased the laser output power in case of the ArF laser 
[1]. For example, Fig.2 shows the change of the laser pulse 
energy using high purity gas with and without added Xe or 
02. As in actual exposure, a burst mode was chosen with 
blocks of 500 pulses emitted at 1000Hz and separated by 
0.2s rest intervals. Without any Xe or 02 added the ArF 
laser clearly shows "spiking": the initial pulse energy 
gradually decreases during about 100 pulses and fluctuates 
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Fig. 2 Additional gas Effect on ArF laser burst chataristics 

then around a constant value. The spiking is due to the fact 
that deteriorated discharged laser gas circulates in the laser 
chamber and returns to the electrodes not fully regaining its 
original quality. Adding 10 ppm of 02 increased the laser 
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energy by a factor of 2.5 but the "spiking" remained. Adding 
lOppm of Xe increased the laser energy by a factor of 3 and 
the spiking nearly disappeared. Consequently, it is important 
to reduce contamination sources inside the laser chamber. 
Komatsu has developed a magnetic bearing technology that 
avoids contamination caused by mechanical contacts of fan 
rotating components with the laser chamber. The greatly 
improved energy stability assured the development of the 
ArF laser for mass production [3]. 

3.5 Spectral measurement by 193nm coherent light 
source and spectrometer[l] 
An accurate measurement of the spectrum of the ArF laser 

is very important for exposure tools equipped with a 
refractive system. Komatsu has therefore developed a 
193nm coherent light source (193CLS) in cooperation with 
Tokyo University. 

Fig. 3 shows a schematic of the 193CLS used to measure 
the instrument function of our high-resolution spectrometer. 
The 193CLS light source contains a seeder, an amplifier, 
and a wavelength conversion unit. The seeder is a single 
mode, CW diode laser. The pulsed amplifier is a Tirsapphire 
ring laser. The amplified light subsequently passes through a 
wavelength conversion unit generating the fourth harmonic 
at 193.4nm. The spectral bandwidth at 193.4nm is smaller 
than 0.01pm and the output energy at 1 kHz is lmW. Fig.4 
shows that the measured instrument function of our 
developed spectrometer has a FWHM of only 0.06pm. All 
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Fig. 3 Optical arrangement for providing 193nm coherent light 

source to measure the instrument function of the spectrometer 
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ArF laser spectra have been analyzed performing 
deconvolution of the convoluted spectra with this measured 
instrument function. 

Hence, the developed 193CLS light source contributes 
also significantly to the mass production of our high quality 
ArF excimer lasers. 

4. Features and performance of 2kHz ArF excimer laser; 
G20A[5] 

For the ArF laser we improved and optimized the high- 
repetition rate technologies being originally developed for 
our 2 kHz KrF laser [5]. Though components are basically 
identical with those used for the KrF laser, some advanced 
technologies were introduced and the LNM was redesigned 
due to the wavelength difference and to the need for a PPM 
with higher output power. 

Laser chamber, system controller and gas module, which 
also proved their reliability, are interchangeable with the KrF 
laser. 

Fig.5 shows the spectrum of our ArF G20A laser. The 
deconvoluted spectral bandwidth (FWHM) is 0.34 pm and 
the spectral purity is 0.85 pm. These values are better than 
those of current KrF lasers. 

The second feature is high repetition rate and high power. 
Fig. 6 shows the dependency of the output power and it's 
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Fig. 5 Spectrum of the 2kHz ArF laser (G20A) 
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stability (3 a) on the oscillation frequency. As can be seen 
an output power over 10 W with an energy stability better 
than 5 % (3 o) is obtained at 2 kHz. However, compared to 
the KrF laser the input power of the ArF laser has to be 1.5 
times larger due to its smaller cross section for stimulated 
emission and the shorter excited dimer's lifetime. Therefore, 
the development of a solid state PPM providing high power 
and repetition rate is indispensable to achieve high energy 
with better stability. As our results show, our development of 
an improved PPM succeeded. 

The third feature is a better energy stability and a long gas 
lifetime obtained by adopting a suitable laser gas for ArF. 
Fig. 7 shows the trend of the gas pressure and of the energy 
stability for one gas fill of Xe added and of conventional 
gas. The gas lifetime improves by a factor of five and the 
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Fig. 7 Trends of gas pressure and energy stability for one gas fill 

Table 1 Performance of 2kHz ArF laser(G20A) 

Items G20A 
Repetition Rate 
Output Power 
Pulse Energy 

Energy Stability(3 a) 
Energy Dose Stability 
Bandwidth(FWHM) 

Spectral Purity(95%E) 
Wavelength Stability 
Pulse Duration(TIS) 

2000Hz 
10W 
5mJ 

<10% 
<±0.3%(50 pulses window) 

<0.5pm 
<1.3pm 

<t0.05pm (50 pulses avg.) 
>30ns 

energy stability by 0.5 using the developed Xe added gas. 
The fact that this gas is expected to be the world standard 
endorses the advanced technology invented by Komatsu. 

The performance of the ArF excimer laser G20A is 
summarized in table 3. Performances including spectral 
bandwidth and pulse energy stability fulfill exposure usage 
requirements. Hence, G20A is ready for lithographic mass 
production. 

5.    Results of 4 kHz ArF laser operation 

Ultra-high repetition rate technology is very demanding. 
The most important point is to control the discharge 
repeatability in order to maintain output energy and stability. 
Fig. 8 shows experimental results for different repetition 
rates. On one hand, the output power linearly increases with 
higher repetition rates, yielding 20W at 4kHz. On the other 
hand, the energy stability deteriorates being about 2 times 
larger at 4kHz compared to 2 kHz. We suppose, however, 
that the energy stability at 4kHz can be improved by 
adjusting the laser gas circulating speed and reducing its 
fluctuation, as well as by a further optimization of PPM 
parameters for high repetition rate operation. 
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Fig. 8 Experimental result of 4 kHz operation 

6. Conclusion 

We have established ArF key technologies that improve 
performance, durability and quality of ArF lasers. In 
conclusion, the 2 kHz ArF laser (G20A) employing the 
above-mentioned technologies has proven to fulfill 
requirements of next generation microlithography mass 
production tools. A 4 kHz ArF laser is currently under 
development indicating that 5 kHz or higher versions could 
be realized in the near future. 
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High power second harmonic generation with free running Nd:YAG slab 
laser for micro-machining applications. 
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Abstract: Frequency doubled Nd:YAG lasers represent an attractive alternative to other laser tools 
for many material processing applications, but frequency doubling with pulsed Nd:YAG lasers has 
been performed until now only with pulses of tens of nanoseconds. In material processing with longer 
pulses (10-1000 us), such as encountered in typical 1.06 urn industrial Nd:YAG applications, the laser- 
material interaction is different and, in particular, higher material ablation rates are performed. 
Furthermore, the green light material processing permits a better focusability and a higher absorption 
in most materials. However, frequency doubling with long pulse lasers is much more difficult and less 
efficient up to now. The main problems are the generation of a fundamental 1.064 urn beam of high 
quality necessary for the non-linear process, and the low damage threshold of the non linear materials 
in the long pulse regime. Therefore, a zigzag slab laser, which has a high beam quality and an 
inherently linear polarisation of the beam, is an ideal candidate for non-linear processes. 

The optical damage threshold in the non-linear materials is the main limiting parameter. The 140 
W instantaneous power obtained for a 200 jis pulse duration in extra-cavity configuration allows us to 
finely process sheets up to 300 urn thick. 

Keywords:    Micro-Machining, Micro-Cutting, Harmonic Generation, Material Interaction, High- 
brightness laser. 

Introduction: 
Frequency doubled and tripled Nd:YAG laser represent 

an attractive alternative to eximer lasers for many material 
processing applications. Although the available pulse 
energies are typically less than eximer laser, the high beam 
quality permits a very good focusing property (spot of 
diameter down to some micrometers), resulting in 
intensities largely sufficient for material processing 
application such as direct-write machining sources. 

Most of extra-cavity second harmonic generation 
(SHG) with Nd:YAG lasers have been performed so far 
with Q-switch lasers (pulses of several nanoseconds) as 
this type of laser can easily deliver the peak powers 
necessary to achieve good conversion efficiencies. For this 
mode of operation efficiencies of more than 65% have 
been reported'11. The main problem for harmonic 
generation is in the generation of a powerful fundamental 
wave with a high beam quality, which can provide the high 
intensity narrow beam of low divergence, necessary by the 
non-linear process. 

However, typical industrial applications are based on 
free running Nd:YAG lasers with pulses of 10-1000 us 
duration since the material ablation rate is much higher in 
this region. The higher absorption of most materials at the 

second harmonic wavelength would permit to achieve 
higher yields or open up new possibilities for processing 
some difficult materials (with, e.g., high I.R. reflection). 

But frequency doubling with long pulse lasers is more 
difficult and less efficient and no results have been 
reported so far for free-running Nd:YAG lasers. At our 
knowledge, we report first results on extra-cavity long 
pulse second harmonic generation with KTP (potassium 
titanyl phosphate [KTiOP04]), LBO (Lithium Triobate 
[LiB305]) and MgO:LiNb03 (Lithium Niobate) as non- 
linear crystals. 

Set-up: 
Figure 1 shows the experimental set-up. A free running 

zig-zag slab laser (active medium with parallelepiped 
geometry) with extra-cavity electro-optic shutter has been 
used as light source. 
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Fig. 1. Experimental Set-up 

The laser radiation is directed via two mirrors, a half- 
wavelength plate and a dielectric polariser on to lens LI. 
The half-wave plate and polariser allow to precisely 
control the pulse power without changing neither pump 
energy nor beam shape. Polariser and half-wave plate, can 
be interchanged: for constant polarization on the non- 
linear crystal, the polariser is placed after the half-wave 
plate, whereas for constant power, the polariser precedes 
the half-wave plate. The light is focused onto the crystal 
by lens LI, re-collimated by lens L2 and directed onto the 
machining place. The dichroic mirror eliminates the 
remaining IR beam. All the experiments were done with 
the non-linear crystal on a Peltier element temperature 
stabilised holder or in a precision micro-heater. These 
holders are placed on a stage with two rotational and two 
translationnal degrees of freedom, permitting the fine 
adjustment of the crystal angles and to control the exact 
interaction location on the crystal for damage 
determination. 

The SLAB laser with a zigzag propagation and triple 
passage allows us to obtain a gaussian fundamental mode 
beam (M2 = 1.6) resulting in a high intensity focal spot, 
with low divergence (long Rayleigh range), best suited for 
the limited angular acceptances of the non-linear crystals. 
An other advantage of the slab laser is the linearly 
polarised output (ratio > 400:1), which avoids the 
problems of polarisation losses of typical ROD lasers. As 
the laser is working in a quasi-fundamental mode, we 
observe a damped spiking with 8 to 10 times higher peak 
power at the leading edge of the pulse than the average 
pulse peak power. These first high power spikes can lead 
to crystal damages. In order to avoid these spikes, we 
implemented an extra-cavity electro-optical shutter 
consisting of a Pockels-cell followed by a polariser. This 
procedure permits, with minimal losses and a rise time of 
less than 1 us, the generation of purely rectangular shape 
pulses with a controlled width from 10 to 1000 us. Figure 
2 shows the original pulse with spiking and the resultant 
rectangular shaped pulse. For the shutter off state, the 
residual transmission is less than 0.08%. 
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Fig. 2. Controlled pulse shape with optical Shutter 

The laser is operated at a low repetition rate in order to 
prevent excessive thermal loading of the non-linear 
crystal, leading to thermal lensing and resulting in the 
degradation of the beam quality and also of the conversion 
efficiency. 

Efficiency: 
The second harmonic power conversion efficiency for 

a 10 mm long KTP crystal is shown in figure 3 as a 
function of incident intensity. 
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Fig. 3. Efficiency results for KTP 10 mm length with the exact 
analytical solution and with a fit with intensity dependence phase 

mismatch 

As the efficiency increases not linearly with intensity 
and begins to saturate, the experimental behavior can not 
be approximated in single way by the use of the linear low 
conversion efficiency approximation like in the theoretical 
plane wave approximation and the exact formula must be 
used. 

,.3* = tanh \l2Kl- 

Ak I 

2 with  K- rti dl. 

For the different non-linear materials, different effects 
are predominant and the slightly sub-linear behavior is 
probably angular phase-mismatch due to the beam 
degradation and/or thermal phase-mismatch and it can be 
related in the both cases to the absorption and the resulting 
heat deposition in the non-linear medium. As this effect is 
intensity dependant, a heuristic intensity dependent phase- 
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mismatch has been introduced, Ak = £l, which also 

includes the limited length of coherence caused by the 
divergence of the laser beam, as well as the angular and 
thermal deviations of the crystal compared to its position 
of ideal phase match. 

The fit results give deff = 4.1 10"23 AsV"2, % = 8.54 10"5 

m/W. The non-linear coefficient deff is in good agreement 
with manufacturers data and theoretical values which 
typically are on the range between 1.93 10" and 4.63 10" 
AsV"2). The heuristic phase match parameter of \ = 8.54 

10'5 m/W indicates that for our configuration (1 = 1 cm), a 
phase mismatch of Ao = 0.425 is introduced at an intensity 
of 1 MW/cm2. We suspect that the origin of this phase 
mismatch could be of thermal nature, but have no evidence 
at the moment on the detailed mechanism. 

Damages: 
The optical damage threshold in the non-linear 

materials ultimately limits the second harmonic generation 
efficiency with long pulse lasers. This damage is due to the 
high intensity involved in the non-linear process, and the 
damage threshold is significantly lower with long pulses 
than with Q-switch pulses with nano-seconds time 
duration. The phenomenon is essentially of statistical 
nature and in our domain of long pulses duration, the 
crystals suffered of thermally induced fracture on its 
output face. 

The damage is defined as any visible change in the 
laser-irradiated site by measurement of the transmitted 
light. In our case, all damages are catastrophic pertinent 
and occur in KTP with the presence of a plasma and a 
acoustic sound emission. Coated and uncoated crystals 
show within fluctuations related to the statistical nature of 
the damage process, the same damage threshold. There is 
also no evidence that the AR coating has any influence on 
the damage threshold. 

Different non-linear materials show different threshold 
intensities at which the damage occurs, these thresholds 
depend also on the manufacturers. With the exception of 
LiNb03, all the other crystals were damaged at the output 
surface. We noticed that the threshold for surface damage 
is lower than for bulk material damage and damage is 
produced only in the presence of generated green light1 J" 
'4J. As shown in figure 4, the intensity and the pulse 
duration of the generated green light were the most 
important parameter for evaluating the damage threshold. 
Although the LiNb03 has an exceptionally high non-linear 
coefficient, it was eliminated, due to its low optical bulk 
damage threshold. 
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Fig. 4: Optical damage versus pulse duration and green light 

Results: 
Figure 5 shows the best conversion efficiency and the 

power of the second harmonic wavelength as a function of 
the incident fundamental intensity we obtained with a 15 
mm length KTP crystal. During our experiments, we 
obtain approximately the same efficiency for SHG with 
KTP and LBO crystals. The maximum second harmonic 
conversion efficiency we obtained without optical damage 
with a 15 mm long crystal was of 14.6 % with LBO and 
17.4 % with KTP. This allows us to obtain up to 145 W of 
instantaneous power and pulses energies at xp = 200 us of 

respectively 32.4 mJ and 29.0 mJ, but at different input 
conditions. 
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Fig. 5. Conversion efficiency and second harmonic power versus 
Intensity for 15 mm length KTP crystal 

In both cases, longer crystals could not increase the 
efficiency, the length being ultimately limited by the walk- 
off effect(2] for KTP and the beam divergence for LBO. 

With such second harmonic pulse energies, we was 
able to process materials up to 300 urn thick with a kerf 
width down to 15 urn for fine sheets. These conditions 
allowed us to cut with high precision micro-grippers in 
memory shape alloy as shown in figure 6 and 7, which are 
used in robotics manipulation of micro-lens of 200 um 
diameter. 
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phosphate", Appl. Phys. Lett, Vol 64, N° 11, March 
94, pp. 1318-1320 

Fig 6. Micro-gripper 

Fig 7. Detail of the roughness 

Conclusions: 
A maximum conversion efficiency of 14.6 % has 

been obtained with 15 mm long KTP crystal and 17.4 % 
with a 15 mm long LBO crystal. 

The conversion efficiency as a function of 
intensity shows a sublinear behavior with respect to the 
ideal phase matched case at intensities above 1 MW/cm2. 

For long pulse frequency doubling of 200 us in 
KTP crystals with Nd:YAG laser, catastrophic optical 
damage appears at approximately 1 MW/cm2 for second 
harmonic intensity and no evidence has been found that 
the damage threshold originates from the antireflex 
coating of the crystals. 
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Efficient high-pulse-energy green beam generation by intracavity- 
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50-mJ green and 12-mJ UV pulse beam were generated at 1-kHz repetition rate. Intracavity- 
frequency-doubling of a quasi-cw laser-diode-pumped Nd:YAG laser was used as a green beam source. 
CLBO(CsLiB6Ol0) crystal was used for 4th harmonic generation. 

Key words: Laser diode, SHG, FHG, Quasi-cw, Intracavity-frequency-doubling 

1.    Introduction 

With the recent development of high power laser diodes 
and high quality frequency conversion crystals, various high 
average power green beam sources were developed based on 
intracavity-doubled diode-pumped Q-switched Nd:YAG 
lasers[l-3]. In industrial applications, intracavity-doubling 
scheme is advantageous because of it's high efficiency. 
Although high pulse energy green beam sources has been 
demanded in both scientific and industrial fields, pulse 
energies of intracavity-doubled Nd.YAG lasers were limited 
less than 20mJ/pulse. Since, upper state lifetime of Nd:YAG 
crystal is too short for efficient generation of Q-switched 
pulse at low repetition rate. Quasi-cw pumping is one of the 
most promising approach to overcome this problem. 

Solid-state UV lasers are akso attractive in the field of 
precision material processing applications. Fourth 
harmonics of IR solid-state lasers have potential market in 
the field of electronic circuit boad processing, because of 
it's high absorption coefficient for various polymers. 

In this work, we report an intracavity doubled diode- 
pumped Nd:YAG laser, with 50-mJ 532-nm beam, at 5.4% 
electrical-to-optical conversion efficiency, at a repetition 
rate of 1kHz. We also obtained 12mJ 4th harmonic beam 
with a CLBO (CsLiB6O,0) crystal. Diffusive reflector 
pumping configuration was used for efficient pumping. 
Quasi-cw diode pumping was used for efficient generation 
of high pulse energy Q-switched IR beam at 1kHz repetition 
rate. 

Figure 1 shows the schematic cross section view of the 
pump module[4]. The pump module contains sixteen quasi- 
cw laser diodes (60W peak power) and employs a diffusive 
reflector[4]. The laser-diodes are operated at 1kHz repetition 
rate with 200-jus-long pulse width. In Fig.l, we show the 
resonator configuration used for the green beam generation. 

/Qcw-Diode 

Laser Array 
Diffusive 

Reflector 
Glass Tube 
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Total reflector 

Diode arrays 

Nd:YAG rod ~-~^0S^&z^   A0 Q-Switch 
.,  . rotator 

**T^ f^  
Green beamN SHG crystal 

separator mirror Total reflector 

(b) 
Fig.l Schematical view of the (a)pump module, and (b)Resonator 
configuration. 

2.    Experiment 

2.1    Second harmonic generation 

The 2.8-m-long z-shaped resonator was folded by a 
harmonic separator mirror and a total reflector. An acousto- 
optical Q-switch was placed in the resonator for Q-switching 
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operation. An SHG crystal (LBO(LiB305)) was placed in 
one arm of the resonator for the second harmonic generation. 
The green beam was extracted in one direction from the 
harmonic separator mirror. 

In Fig.2, we compare the laser performances of Q- 
switched IR(T=40%) and Q-switched SHG operation. 
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The laser was operated at 1kHz repetition rate. The 
maximum green average output power of 53 W was obtained 
at 880W total electrical input power into the laser diodes, 
corresponding to the maximum green pulse energy of 53-mJ, 
and the electrical efficiency of 6%. The ratio of the green 
output to the Q-switched IR output is more than 80%. The 
estimated beam quality was M2=10. 

2.2 Fourth harmonic generation 
We also demonstrated fourth harmonic generation of the 

50-mJ,l-kHz green laser. The experimental setup is shown 
in Fig.3. The green beam extracted from the green laser is 
focused into a 15mm long type-I CLBO crystal by a lens. 
The CLBO crystal was used at 140 degree. Generated 4th 
harmonic beam was separated from the green beam with two 
separator mirrors as shown in fig.3 [6]. 
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We show the UV output power as a function of the incident 
green power in Fig,4. The maximum UV output power of 
12W was obtained with green incident power of 40W, 
corresponding to the conversion efficiency of 30%. 
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Fig. 4   UV output power as a function of   green incident power. 

3.    Summary 

We have enhanced the electrical efficiency of a high-pulse- 
energy green laser by intracavity frequency doubling of a 
quasi-cw laser-diode pumped Nd:YAG laser. The highest 
green pulse energy of 53mJ was generated at a repetition 
rate of 1kHz, with 5.4% electrical efficiency. We have 
shown that the electrical efficiency of high-pulse-energy 
green laser systems could be enhanced to be comparable 
with those of conventional high-repetition, intracavity- 
doubled green lasers. 
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Fig.3 Experimental setup for 4th harmonic generation. 
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Ultrafast Fiber Lasers: Alternative Light Sources 
for Industrial Material Processing 
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The development of ultrashort pulse laser technology will have a strong impact on the 
advancement of laser machining. Ultrashort laser pulses can reduce the heat-affected zone and the 
shock-affected zone, resulting in much cleaner cuts, and therefore higher precision. However, 
acceptance of ultrafast technology is hindered by the cost and complexity of ultrafast lasers. In 
this paper, we describe recent progress in fiber-based ultrafast laser technology which promises to 
be sufficiently rugged and low-cost to enter the industrial arena. We also discuss results of 
micromachining using a sub-nanosecond laser pulses from a new Yb:fiber-based laser system. 

Keywords: micromachining, femtosecond, ultrafast, fiber laser, ablation, cladding-pumped 

1     Introduction 
A growing number of industrial laser users are becoming 
interested in using ultrashort laser pulses for specialized 
commercial applications ranging from micromachining and 
materials processing, to high-performance instrumentation 
and metrology. "Ultrashort" or "ultrafast" pulses are 
incredibly short bursts of laser energy, lasting only about 1 
picosecond (10"12 sec) or less. These pulses are many 
thousands of times faster than pulses from conventional 
industrial lasers, which commonly generate nanosecond 
pulsewidths. Because they are so fast, ultrashort pulses 
have unique capabilities, enabling applications which 
simply cannot be done with the present generation of 
industrial lasers. For example, ultrashort laser pulses have 
the ability to cleanly ablate any material with a minimum of 
thermal or shock damage to the surrounding material. In 
many cases, this results in cleaner cuts when compared with 
other lasers. 

Ultrafast fiber lasers, promise to revolutionize 
micromachining. The higher precision, reduced heat- 
affected zone (HAZ) and reduced shock-affected zone 
(SAZ), are all by now well documented.1 In spite of these 
possibilities, ultrafast lasers have not yet been widely 
adopted into the micromachining industry. This is true 
despite the fact that ultrafast lasers which can perform 
micromachining have been commercially available for 
several years. The reason for this lag in acceptance is the 
high cost and complexity of ultrfast laser systems. The 
systems are very complex, requiring a highly-trained 
operator;    and    they    are    also    very    susceptible    to 

environmental conditions, requiring frequent adjustment. 
These current generations of ultrafast lasers simply are not 
suitable for use on the factory floor, unlike current 
generations of design-hardened industrial lasers. 

With the promise of improvements in micromachining, 
there is great incentive to develop new generations of 
femtosecond technology which will be compact, robust, 
low-mainenance, and easy to operate. High-power fiber 
laser technology is considered as a prime candidate for 
transforming ultrafast lasers from a scientific tool into an 
industrial tool. Indeed, such systems have already been 
produced at the low-power end—ultrafast fiber laser 
systems are now commercially available which are compact, 
turnkey, and require no maintenance. These are penetrating 
into OEM markets, which was unthinkable a few years ago. 

2     High power fiber lasers 
Fiber lasers are similar to their solid-state counterparts in 
many ways. As with solid-state lasers such as Nd:YAG, 
optical fibers can be doped with impurities such as 
Neodymium (Nd), Erbium (Er), or Ytterbium (Yb), which 
provide optical gain when pumped by a light source (e.g., 
laser diodes). However, doped-fibers provide certain 
advantages over solid-state laser crystals. First of all, fibers 
are flexible and can be rolled up into a tight space or 
spooled, making it possible to construct fiber lasers in a 
very compact package. Another advantage is that the laser 
light is confined to the core of the fiber, providing a well- 
controlled beam shape. Also, thermal management is easier 
because the long, thin fiber has much more surface area per 
unit volume than a bulk laser crystal.   Finally, many kinds 
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Figure 1. Double-clad fibers make it possible to launch 
10's of watts of optical power from inexpensive, broad- 
strip diodes, (see Ref. 2) 

of fiber optic devices are rugged enough for difficult 
applications (for example, even deployment in harsh 
undersea conditions in telecommunications cables). These 
features have made fiber lasers useful in a number of 
industrial applications outside of telecommunciations such 
as thermal printing, marking, and materials processing. 

Fiber lasers have had a reputation for being low in power 
compared with solid-state lasers. This was due to the fact 
that previous generations of fiber lasers required single- 
mode pumping; and single-mode pump diodes are limited in 
power to only a few hundred milliwatts. In the last few 
years however, fiber lasers with much higher output powers 
have been developed and are being offered as commercial 
products. The breakthroughs in higher power have come 
thanks to a variety of developments. The first breakthough 
is the technique of cladding pumping. As shown in Figure 
1, double-clad fibers are designed to provide single-mode 
waveguiding in the core (for the signal) and multimode 
waveguiding in the inner cladding (for the pump).2 This 
structure makes it possible to use high-power diode bars and 
arrays as pump sources, which can provide 100's of Watts 
of pump light. Cladding pumped fiber lasers are capable of 
generating significant amounts of power, especially when 
using highly efficient Yb-doped fibers. Researchers have 
recently demonstrated that they can obtain over 100 Watts 
of CW power from a Yb-doped fiber laser.3 

In another major technological development, researchers 
have been able to scale up the fiber core diameter from the 
standard 8 microns up to 25, 50, and even 100 microns. 
This in turn, facilitates scaling up the output power by many 
times. By careful design, even these large-core, multimode 
fibers can transmit optical pulses in only a single transverse 
mode,4 giving high quality beam profiles, which are 
essential for precision applications such as micromachining. 
In addition to high average powers, high pulse energies can 
also be obtained. Researchers have recently shown that they 
can design Q-switched fiber lasers which produce up to 3 

millijoules of energy in a 100 ns pulse, making them 
comparable in performance to industrial Q-switched YAG 
lasers.5 The peak power levels generated by these lasers 
(-50 kW) are limited by the damage threshold of the fiber. 

Figure 2. CVD diamond cut using a 750ps fiber-amplified, 
microchip laser. Note the absence of graphitization in areas 
surrounding the cut. 

Large-core fibers have enabled a new generation of short 
pulse lasers which operate in the sub-nanosecond regime. 
At IMRA America (Ann Arbor, MI) researchers have 
amplified pulses from a Q-switched microchip laser in a 
large-core Ytterbium-doped fiber. The output pulses (250 
microjoules, sub-ns duration) are interesting for different 
micromachining applications, and actually give superior 
processing performance with tested materials. This system 
depends    critically   on    new,    proprietary    technology, 
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developed at IMRA, to protect the fiber from the very high 
peak power levels ( >300 kW) which would otherwise 
damage it. It also depends on propagating the pulse in a 
single mode in the large core fiber. Figure 2 shows the 
result of cutting a square hole in a thin CVD diamond 
substrate using 800 ps pulses from this laser system.6 The 
amount of graphitization surrounding the cut is greatly 
reduced compared with conventional Q-switched YAG 
lasers. 

3     Ultrafast fiber lasers 

Fiber lasers are well-suited to ultrafast applications as they 
have a large amplification bandwidth, so that they can also 
be mode-locked to generate ultrashort pulses. In commercial 
systems, Erbium-doped fibers serve as the gain medium for 
ultrafast fiber lasers, providing short pulses at wavelengths 
near 1560 nm, and in some cases at the second harmonic, 
780 nm. These simple systems have output powers ranging 
from 10's to 100's of milliwatts. In one particularly rugged 
design (IMRA Femtolite) single-mode diode pumping and 
polarization control result in highly stable operation, even 
with a change in environmental temperature of a ±15° C, 
which is a much larger range than for most ultrafast lasers. 

It is possible to obtain higher average powers from ultrafast 
fiber lasers by using Yb-doped fiber, due to the higher gain 
and higher power efficiency. To take advantage of Yb:fiber, 
the wavelength of the ultrashort pulses must lie somewhere 
in the wavelength range of 1030-1060 nm. This can be 
accomplished by Raman shifting the pulses from an Enfiber 
laser from 1560 nm out to near 2100 nm, and then 
frequency doubling in a nonlinear crystal of periodically 
poled Lithium niobate (PPLN). These pulses are then 
injected into a length of Yb:fiber, and are amplified to 
average power levels of 0.5-1.0 Watts, which makes this 
comparable to solid-state ultrafast laser systems. 

Scaling up the power for ultrafast fiber lasers beyond this 
level is not quite so simple. Because ultrashort laser pulses 
have such high peak powers (10's of Megawatts), nonlinear 
optical effects in the fiber's core can "shred" an optical 
pulse, resulting in very distorted pulse profiles with ringing, 
pedestal, and prepulse, if the system is not designed 
properly. These effects can wipe out many of the 
advantages provided by clean, ultrashort optical pulses. 
Therefore special techniques are required to overcome the 
problems which are unique to amplifying high-power 
ultrashort pulses. The most commonly employed technique 
is chirped pulse amplification (CPA). Here, a short pulse is 
stretched in time (by a factor of -1000) to lower the peak 
power. After being amplified, the pulse is recompressed to 
its original length of less than 1 ps. This has been applied in 
solid-state, ultrafast lasers for several years. The CPA 
technique can also be applied to ultrafast fiber lasers in 
which a stretched pulse is amplified in a gain fiber and then 

recompressed to very short duration. Lasers systems based 
on this technique (see Fig. 4) afford tremendous flexibility 

Output V-groove 

PM Yb-amp]ifier 

Figure 3.  Ultrashort pulses at 1550 nm from an Enfiber 
laser can be Raman-shifted, and then frequency-doubled to 
1030 or 1064 nm, making them compatible with Yb- or Nd- 
doped amplifiers. After amplification in a cladding-pumped 
Yb-doped fiber, the output power is about 0.5-1.0 Watts. 

in terms of repetition frequency (1 Hz to 1 MHz) and pulse 
energy. At the "low" end of repetition rate scale, FCPA 
systms are capable of producing energies of 100 
microjoules, at repetition rates of 5 kHz, with pulsewidths 
of 250 fs.8 At the high end, they have been shown to 
generate up to 13 Watts of average power at 50 MHz.9 

Another promising new technique is parametric chirped 
pulse amplification (PCPA), which uses a parametric 
amplifier pumped by a fiber-amplified microchip laser 
(Figure 5).10 The parametric amplifier crystal consists of 
Periodically-poled Lithium Niobate (PPLN) which provides 
very high nonlinearity and engineerable phase matching. 
One of the chief advantages of this system is that the 
parametric amplification produces very high gain (-80 db) 
in a single stage, thus eliminating the need for complex 
multi-stage, or multi-pass amplification. Such systems can 
provide 10's of microjoules, and appear to be scalable to 
100's of microjoules, using the pump-source desribed 
earlier   (i.e.,   a   Yb-fiber   amplified   microchip   laser). 
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Figure 4. Ultrafast FCPA laser system using 1055 nm all- 
fiber source, and large-core Yb:fiber amplifier in the last 
stage. Pulse energies of 100 microjoules are generated. 
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Additionally, by adding a solid-state amplifier to the pump 
source, as shown in Figure 5, the PPLN crystal can be 
pumped with several millijoules of energy." In this 
configuration, the PCPA systerm produces pulses with over 
1 mJ of energy, and duration of 1.5 ps. 

laser technology, with its many advantages, is one of the 
new     promising     alternatives     to     solid-state     lasers. 
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Figure 5.  Parametric chirped pulse amplification (PCPA) 
provides high gain in a single stage. Pumped by ml pulses from 
an amplified microchip laser, and injected by a femtosecond fiber 
laser oscillator, the system can be built very compactly, and 
provide millijoules of pulse energy. 

4     Summary 
Recent advances in fiber-based laser technology show 
promise as industrial laser systems of the future. In contrast 
to early technology, current fiber lasers can generate 10's of 
watts of average power; while 100 W lasers, and even 
kilowatt fiber lasers are under development. 

In addition to CW fiber laser applications, the combination 
of fiber technology with ultrafast laser techniques is creating 
completely new application opportunities, which will 
qualify the ultrafast laser world for real industrial solutions. 
In particular, it is now becoming increasingly clear that 
ultrafast laser technology would be a valuable tool in 
various industries such as microelectronics, automotive, 
textiles, telecommunications, and medical device 
manufacturing. In spite of nearly 1000 installed scientific 
ultrafast amplified systems worldwide, and the great 
promise of ultrafast lasers though, industrial customers are 
only beginning to pay attention. The main "show-stoppers" 
are the complexity, size, and fragility of most ultrafast 
lasers, and the need for a specialist to operate them. 
However, due to the fiber-based architecture, ultrafast fiber 
lasers can be shrunk and put in packages of reasonable size. 
Clearly, advances are being made to make ultrafast lasers 
rugged, compact, reliable, and easy to use.    Fiber-based 
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Evaluation of characteristics of VUV optical materials 
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The F2 Laser (wavelength 157nm) is becoming the most promising candidate of light 
source for next generation optical micro-lithography below the lOOnm-technology node. We 
have developed VUV optics evaluation system, which is able to measure the transmittance 
between DUV and VUV region right after laser irradiation and the temporal transmittance 
during 157nm-laser irradiation. This system structured by Ni-plated Aluminum and 
stainless steal. The inside of chamber is purged any laser light absorption gas away with 
high purity nitrogen gas during the irradiation. Using this system, we can measure the 
characteristics of the irradiated sample without exposing to the air or other contamination 
sources. So this system had ±0.5% accuracy result in repeated measurement. In the in-situ 
transmittance measure system, the transmittance can be monitored during F2 laser irradiation. And we 
evaluated characteristics of VUV optical materials in the early period of F2 laser irradiation by this in- 
situ transmittance measure system. 

Key words: F2 Laser, VUV optics, transmittance 

1. Introduction 

The semiconductor lithography technology keeps being 
made minutely, and is accelerating rapidly. According to 
achieving of the design rule of lOOnm or less and making to 
high throughput, the light source for lithography is 
demanded to make higher repeatability and to make 
shorter wavelength. F2 laser (wavelength 157nm) 
lithography has emerged recently as a candidate of post-ArF 

excimer laser lithography. As peripheral technology, the 
optical materials used in this wavelength are demanded to be 
with high permeability and durability. To develop optical 

materials operatively, the evaluation at realistic condition is 
indispensable. Comprehensive research and development 

related to 157-nm optical materials evaluation has been done 

by SEMATECH and MIT Lincoln Laboratory.[l] Komatsu 

started F2 laser research in 1997 and proved the technical 

feasibility of 800Hz operation in 1998.[2] In 1999, we got a 

research fund from MITI and succeeded in developing of 
2000Hz 14W F2 laser. 
However, it is not yet clear how the laser characteristics 
relate to the radiation damage of materials. 
The purpose of this research is to examine how the laser 
characteristics, such as power density, repetition rate and 
pulse profile influence the VUV optical materials. 
In this work, we present an evaluation system to determine 
the transmittance of calcium fluoride substrates and the 

coatings as well. 

2. Apparatus 

The F2 laser oscillation device was developed, and the 

evaluation system of optical materials used in the laser was 

constructed. 
The VUV optical materials evaluation system consists of 

four units: a F2 laser, a real time monitoring in-situ 

transmittance measurement unit, an in-situ VUV 

spectrophotometer,     and     a     high     precision     VUV 
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spectrophotometer. Figure 1 shows the construction of the 

system. F2 laser can be operated with 14W@ 2000Hz at 

30kV and with a total gas pressure of 4200hPa. Real time 

monitoring in-situ transmittance measurement unit consists 

of a vacuum chambers system, F2 laser light deliver optics, 

F2 laser pulse energy sensors and a sample transfer stage. 

Fig.l    VUV optical materials evaluation system 

The vacuum chambers system keeps chamber pressure at 
about lOOhPa by high purity nitrogen gas and vacuum 
pump during irradiation. This system structured by 
Ni-plated Aluminum and stainless steal. F2 laser light 

deliver optics leads the laser light to the sample with two 
total reflection mirrors. Part of the pulse energy is sent to the 
energy sensor by setting up the CaF2 substrate before and 
behind the sample to be irradiated. SXUV photodiodes made 
by the IRb inc. was used as the energy sensor. By using 
short-pass filter, the energy sensor detected every pulse 
energy without extra red light. The sample transfer stage is 
set up for moving the sample in the chamber without 

exposing to atmosphere. 
This unit showed ±2% repeated stability. 

In-situ VUV spectrophotometer has a structure which enable 
us to measure the sample directly after the irradiation 

without atmosphere exposition. In the spectrophotometer 

part, the range of the wave length which can be measured is 

130-300nm due to the light source with D2 lamp. The angle 
of incidence to the sample of the inspection light was set to 
0° for transmittance, and 7.5° for reflectivity. In-situ VUV 

spectrophotometer showed ±0.5% repeated stability. 

In high precision VUV spectrophotometer, transmittance in 
157.6nm can be measured in ±0.1% repeated stability. 

The range of the wave length which can be measured is 120- 
200nm in the vacuum(2.7X 10"3Pa) by the light source with 

D2 lamp. The preprocessing is important in the optical 

material evaluation. The UV cleaning apparatus was 

introduced as a pretreatment equipment because more 

important when evaluate optics at highly accuracy. 

3. Results and discussion 

3.1. Transmittance measurement of no court substrate 
Because of the high photon energy (E=7.9eV)} crystal 

materials such as calcium fluoride should be used as optical 

materials for F2 laser. As for this calcium fluoride, various 

grades are being put out by lots of makers, and the laser 

tolerance is greatly different according to the manufacturing 

method and mixed impurities. The transmittance of 

excimer grade calcium fluoride substrates provided by 
different makers was measured by real time monitoring in- 
situ transmittance measurement unit. The result is shown in 

Figure 2. 
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Fig.2    CaF2 in-situ 157nm transmittance 

Theoretical transmittance of the calcium fluoride substrate 
in 157.6mn is 90.7%(NIST data used). Substrate A showed 

almost similar to the theoretical value, substrate C showed a 

value of 89.5% and substrates D showed a value of 88.5%. 

We recognized that the difference in transmittance existed 

between substrates in the state before irradiation. The 

decrease in transmittance caused by 4Mpls F2 laser 
irradiation was not observed. 

The spectrum transmittance characteristic evaluation of the 

no court calcium fluoride substrate was also executed with 

the in-situ VUV spectrophotometer. Figure 3 shows the 
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spectrum transmittance characteristic before and after the F2 

laser irradiation of each substrate. It become clear that the 

difference of transmittance characteristic of each substrate in 

the wavelength area shorter than 190nm was initial existent 

already. Substrate D suffered most from the irradiation. 

Transmittance supposed in each case after F2 laser 

irradiation. It is guessed that substrate D has a character 

different from substrate A and B. 

130     140     150     160     170     180     190     200 

Wavelengb(nm) 

Fig.3    VUV transmittance of CaF2 substrates from 
different makers. 

coating substrate changes in a very short time compared 

with the no court substrate, and it is more sensitive to the 

environment than the no court substrate. In other words, the 

surface state of a coating substrate is of greater responsive 

than a no court substrate and exists adsorb moisture and 

organism in atmosphere easily. Reflectivity decreased by 

about 1 % after laser irradiation. About this phenomenon, the 

thickness of the coating film changes as a result of laser 

irradiation, and it is possible to read to a decrease in 

reflection characteristic. 

3.2. Cleaning effect 
Transmittance of optical materials are also greatly 

influenced by the preprocessing. It is notable that the 

influence by the difference of the preprocessing is also 
responsible for the transmittance loss by the irradiation 
described above. Thus, the effect of cleaning was evaluated 
to various no court substrate transmittance with the high 
precision VUV spectrophotometer. Three kinds of cleaning 
method (wiping with methanol, UV cleaning and the F2 laser 
irradiation) was tested. The results are shown in Figure 5. 

In addition, the substrate coating with a partial reflection 
film of 30% was measured. The spectrum transmittance 
before and after the F2 laser irradiation was investigated with 
the in-situ spectrophotometer. Figure 4 shows the spectrum 

transmittance characteristic. 

Sample thickness : 5mm 
- Irradiation condition: 

03mJ/cm2/pulse, lfcHz, 4Mpls 
I i ' ■ ' i  i i i i i i 

130     140    150    160     170     180    190    200 

Wavelength (ran) 

Fig.4   VUV transmittance of coating substrate 

It was observed that the transmittance increased 3% or more 
with the F2 laser irradiation. 30 minutes later, a decrease in 

transmittance of about 0.5% was found it keep the substrate 

remain inside with N2. This shows that transmittance of the 

•J-J       r i  i   i   i  I   i  i   i   t I  i   i  i  i I   ■  t i   i   t i   i  t  t  I  i   t   i  i   I  i   i  t  i 

130 140 150 160 170 180 190 200 

Wavelength (nm) 

Fig.5    Cleaning effect by each cleaning methods for 
sample A 

Table    Cleaning effect by each cleaning 

methods for sample A 
Transmittance(%) 

wiping 87.5 
UV cleaning 88.2 
laser irradiation 89.7 

The transmittance rise due to us irradiation was confirmed in 

157.6nm though the effect of the UV cleaning was hardly 
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seen in 193.4nm (ArF laser wavelength). This result showed 

that the methanol wiping has little cleaning effect of in the 

wavelength area shorter than 190nm. It is suggested that 

using methanol and paper might pollute the substrate 

surface. As for substrate transmittance in 157.6nm, it was 

shown that the result of further rise was obtained, and F2 

laser irradiation was the most effective one. According to 

the result mentioned above, UV cleaning is insufficient to do 

an accurate evaluation of an optical material for the F2 laser. 

It became clear that the cleaning by F2 laser light irradiation 

is indispensable to evaluate an optical material for F2 laser 

accurately. 

[1] M. Rothchild and A. K. Bates  157nm Lithography 
workshop, 63, (1999) 

[2\ S.  Nagai et al. Extended abstracts(The 46th  spring 

meeting, 1999);The Japan society of applied  physics 
and related societies, p740,28p-YB-5 

4. Conclusion 

A new VUV optical materials evaluation system was 

developed. The system consists of a latest F2 laser, a real 
time monitoring in-situ transmittance measurement unit, an 
in-situ VUV spectrophotometer, and a high precision VUV 

spectrophotometer. 
For CaF2 substrates, transmittances were measured directly 

after the 157nm laser irradiation. Transmittances at 157nm 
varied clearly with each CaF2 samples. Since samples may 
be affected by atmosphere contaminates, therefore in-situ 
measurement system is indispensable. 
High precision VUV spectrophotometer was used to 

examine the cleaning effect of optical surfaces due to the F2 

laser irradiation. According to the different cleaning 
methods test, transmittances arranged in a order of methanol 
wipe < UV cleaning < F2 laser irradiation. The F2 laser 
irradiation turned out to be the most effective method as a 

measurement preprocessing. 
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Laser processing system for micro drilling of printed circuit boards 
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Two laser processing systems for micro drilling of printed circuit boards and/or LSI packages are presented. 
One is a pulsed C02 laser system and the other is aLD-pumped THG-YAG laser system, both are now commercially 
available. 

Keywords: micro drilling, printed circuit board, package, C02 laser, LD pumped YAG, THG 

1.    Introduction 

Today, there is a large market for high-performance and 
miniaturized electronics such as mobile phone. The market 
demand has driven the development of high-density 
mounting technology such as Build-up Multi-layer (BUM) 
printed circuit boards, Chip Size Packaging (CSP) of LSI 
and so on. Over the past few years, several kinds of laser 
processing system have been adopted to drill a large 
number of small size micro-via or through holes on the 
substrates for BUM and/or CSP. 

The excimer laser forms micro-holes of very good 
quality, because its short pulse causes less thermal damage 
to the substrate [1). However, the photon cost of the laser is 
too high for mass production. The TEA-C02 laser also 
forms micro-holes of good quality and the photon cost is 
bearable p]. However, its pulse repetition rate is insufficient 
to recent high-speed scanners, so the throughput with 
flexible scanning optics is limited relatively low. Near 
infrared and visible laser does not match with the spectral 
absorption of the major materials of the substrates. Thus, 
the mainstream of the present laser micro-drilling system 
employs a pulsed C02 laser of high repetition rate and a 
flexible high-speed scanning optics. 

We have developed a unique C02 laser micro-drilling 
system. The C02 laser operates at high repetition rate up to 
4kHz and emits gain-switching short pulses like a TEA- 
C02 laser, so that the system can provide both the high- 
quality processing and high throughput. In the case of a 
C02 laser system, the minimum size of the micro-hole is 
limited to several tens of microns by diffraction. The 
increasing demand for higher density requires a reliable 
high-power UV source of low photon cost. We have been 
developing a LD pumped Nd:YAG laser with frequency 
conversion technique for the UV source. 

This paper presents the pulsed C02 laser micro-drilling 
system and the LD pumped THG-YAG laser system, both are 
now commercially available. 

2.    Light source 
2.1    C02 laser 

Figurel shows the schematic construction of the C02 
laser. The optical axis, the gas flow direction and the 
discharge are perpendicular to each other. The transverse 
gas flow replaces the active medium for each pulse, which 
ensures the pulse operation at high-repetition rate free from 
any thermal hysteresis. High-frequency high voltage is 
applied to the electrodes covered with glass. The excitation 
discharge through dielectric insulator is maintained stably 
even at high power density and high-repetition rate. 

high-frequency 

Fig. 1    Schematic construction of the C02 laser 

The discharge power through dielectric insulator is 
proportional to the carrier frequency of the applied voltage, 
so we have developed a direct switching 2MHz MOS-FET 
inverter for the power supply P1. Since the inverter does not 
use a transformer, the inductance of the discharge circuit is 
so low that high power discharge (applied voltage 6kV, 
peak current 60A) is achieved. 
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The basic specification of the laser is shown in table 1. The 
rated repetition frequency is 4kHz. Figure2 shows the 
schematic pulse profile of the laser. By controlling the 
discharge duration, the laser emits variety of pulses from 
400ns gain switched pulse to 15u.s quasi-cw flat top pulse. 
This unique feature enables the laser to form high-quality 
micro-holes on various substrates with high throughput. 

Table 1 Specification 
carrier freq. 2MHz 
wave length 9.3um 

transvers mode TEM00 
average output 100W 
pulse energy lOOmJ 

pulse duration l~15us 
repetition freq. 4kHz Fig. 2   Schematic pulse profile 

2.2    LD pumped YAG laser 

Figure3 shows the schematic configuration of the LD- 
pumped THG-YAG laser utilizing frequency conversion 
technique. The YAG rod converts the LD pump power to 
1.064u.m IR, the SHG crystal converts the IR to 532nm 
green power and finally the THG crystal mixes the IR and 
green power into 355nm UV power. Figure4 shows the 
cross-section of the pumping module. The laser diodes (LD) 
are closely coupled to the pumping cavity having diffusely 
reflecting inner surface [4]. This configuration provides a 
compact pumping module and ensures efficient and uniform 
excitation of the YAG rod. Because of the efficient and 
uniform excitation, high output power of good beam quality 
is stably obtained. 

An acousto-optical Q-switch was used for Q-switching 
operation. Average UV output power of 5W is obtained at a 
repetition rate of 5kHz. The oscillating transverse mode is a 
low order multi-mode. 

Fig.3   Schematic configuration of 
LD-pumped THG-YAG laser 

3.    System performance 

Fig.4 Cross-section of 
pumping module 

Figure5 shows the schematic configuration of the laser 
micro-drilling system. The laser beam emitted by the 
oscillator illuminates the pinhole mask, then the processing 

lens forms an image of the pinhole onto the work-piece 
(substrate). Double axis scan mirrors shift the position of the 
image rapidly up to 1000points/s. The scanning area is 
limited by the view angle of the processing lens typically 
50mm x 50mm square. The work-piece is placed on the fast 
and precise mechanical table with vacuum chuck, and then 
repetitive step and scans process the whole work-piece. A 
microscopic CCD digital video camera with an efficient 
image-processing unit is equipped for alignment and process 
optimization. Loader and unloader units for automatic 
processing are available. The PC/NC controller installed with 
a friendly user-interface supervises the whole system. 

tLs Shaping       Pinhole      Illumination 
Optics Mask Optics 

Fig.5   Schematic configuration of laser micro-drilling system 

Figure6 is a photograph of the laser micro-drilling system. 
The C02 laser system and the UV-YAG laser system have 
almost the same external appearance except for the oscillator. 
Both systems are now commercially available as our product. 
sFigure7 shows the cross-section of a sample micro-via 
formed by the C02 laser system. The material of the 
substrate is glass-epoxy (FR4), the thickness of the substrate 
is 50nm, and the diameter of the via-hole is lOO^tm. It is 
shown that a smooth side-wall is formed in a composite 
material with little thermal damage. 

Fig.6 Appearance of laser 
micro -drilling system 

Fig.7 Cross-section of micro-via 
formed by C02 laser 

When the diameter of the micro-hole is relatively large 
(>100(im), the C02 laser system is favorable. The focusing 
ability of the C02 laser is good enough to form a micro-hole 
of diameter larger then lOOum In the process of large holes, 
high power and high pulse energy is required to achieve high 
throughput. On the other hand, the UV-YAG laser system 
is favorable to the process of small holes (<50p.m). The 
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process of small holes does not require so high power or 
energy but good focusing ability of the light source. So the 
UV-YAG laser is promising as a light source for micro- 
drilling system of next generation. 

We have developed and keep on developing both the C02 
and UV-YAG laser processing system for micro-drilling of 
printed circuit boards utilizing our original laser technology, 
control & information technology and so on. The laser 
micro-drilling system will be an indispensable tool for future 
industry. 
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CO2 laser drilling machine 

Hideaki NAGATOSHI*, Kazuhide ISAJI*. Tsutomu SUGIYAMA*, 
Hidehiko KARASAKI* and Makoto KATO** 

* Matsushita Industrial Equipment Co., Ltd., 
3-1-1 Inazu-cho, Toyonaka, Osaka 561-0854, Japan 

** Advanced Technology Research lab. of Matsushita Electric Industrial Co., Ltd., 
3-10-1 Higashimita, Tama-ku, Kawasaki 214-8501, Japan 

Summary 

The performance of the concurrent in-line inspection system in C02 laser drilling process has 
improved by the defect pattern estimation algorithm. The optical detection principle of the system is 
based on the relationship between the reflected laser intensity from the bottom copper foil in via-hole 
and the area size of the exposed copper surface. 

The principle and the advantage of the enhanced concurrent inspection system was described. 
Using the improved concurrent inspection system, the etched hole diameter and defect of PWB can be 
examined. This function has a capability to substitute AOI function. As a result, reliability and 
throughput in PWB drilling process has been improved. 

Keywords: in-line inspection, C02 laser, drilling, PWB, AOI, via-hole 

1. Introduction 

The high-density interconnection technology, especially 
using BGA (ball grid array), CSP (chip size package) and 
MCM (Multi-chip module), was led to manufacture light- 
weight and high-performance electric products such as 
cellular phones. For example in personal cellular phone, 
ASIC-CPU and RAM/ROM ICs, data bus-lines were 
designed with precision spacing rule and located at the 
second layer using interstitial via-hole. For IMT-2000 
cellular phone, the number of the data bus-lines and the 
pincount of the ASIC-CPU will be estimated double and 
triple of a current model, respectively. As a result, the 
density of via-hole will increase more and more. Therefore, 
reliability and throughput in drilling process will become 
more important performance for PWB manufacturing. 

In 1998, we developed the CO2 laser via drilling 
machine with the concurrent in-line inspection monitoring 
using in-process monitoring technology [1-4]. This machine 
had the unique designed optical system, using telecentric 
scan lens, galvanometric scanners and the concurrent in-line 
inspection system. And this inspection system, which was 
worked by the polarization of laser light, had the capability 
of estimating the bottom area of exposed copper foil in the 
drilling process at real time. In 1999, the CO2 laser drilling 

system was improved by process feedback system, named 
"Active control" [5]. Active control system was realized the 
improvement of the throughput over 25% in drilling process 
for glass-cored epoxy substrates. 

In this paper, the capability of the enhanced concurrent 
in-line inspection system to substitute the AOI (automatic 
optical inspection) function was described. 

2. Principle of concurrent in-line inspection system 

2.1 Outline of principle 
Buildup multilayer PWB has a structure with inner layer 

copper foil. The via-hole processing is a former process to 
connect the inner layer copper foil with the surface. 
According to CO2 laser drilling process progresses, the 
copper foil of the inner layer is gradually exposed. The 
reflected light from the inner layer copper foil is intensified 
with increasing in the area of the exposed copper foil. Using 
this result, the concurrent in-line inspection system is 
executed the hole inspection simultaneously with the drilling 
process [1]. 

Figure 1 shows the relation between changing of the 
processed hole diameter, and the measured intensity of the 
reflected laser light. In Fig. 1, the relation between intensity 
of reflected light and the processed hole diameter is almost 
linear   proportional   relation.   Therefore,   using   to   the 
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measurement of the reflected light intensity, the concurrent 
inspection system can be estimated the processing hole 
diameter. 
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Fig. 1 Reflected intensity and diameter of via-holes 

2.2 System configuration 
The concurrent in-line inspection system is composed of 

the optical isolation unit to separate out incident light for 
drilling PWB and the reflected light from the PWB, the 
optical sensor to detect the incident light, the optical sensor 
to detect the reflected light, and some optical components. 
Figure 2 shows the schematic diagram of the basic optical 
system [1]. 

Quarter-wave plate 

Ontical sensor 1 
Galvanometric\       /       Beam splitter 

Mask chanser scanners 

Scan lens 
Collimating unit 

PWB 

Polarizing 
beam splitter 

C02 laser 
oscillator 

Processing table 
Fig.2 Schematic diagram of optical systems 

The output laser light from C02 laser oscillator is shaped 
and optimized according to the processing hole diameter by 
the collimating unit and the mask changer. The laser light is 
passed to the beam splitters and the quarter-wave plate. 
After that, the laser light to be irradiated to the PWB is 
positioned by the galvanometric scanners and the scan lens, 
and the PWB is drilled. 

The reflected laser light from the PWB is detected by the 
optical sensor 2. Moreover, a part of the incident light is led 

to the optical sensor 1 and detected. 
When the concurrent in-line inspection system inspects 

the hole, the following various compensation processing are 
carried out to improve the detection accuracy of the incident 
light and the reflected light. 

First, in this system, the intensity of both the reflected 
light and the incident light are detected, and the reflected 
light is normalized by the incident light. This process 
compensates the C02 laser output variation. Secondly, the 
deviation of the reflected light intensity at the each position 
in the scanning area is compensated. Thirdly, the optical 
sensor to detect the laser light intensity is heated by the laser 
light led to the sensor, and the gain drift and 0 drift appear to 
the output signal. The change in the sensor power output 
caused by the sensor temperature of optical sensors and 
surrounding temperature is compensated. 

In order to drill the designed hole diameter, we can 
decide the threshold value which related the hole diameter 
based on the reflected light intensity data compensated by 
the mentioned contents. 

3. Algorithm for defect pattern estimation 

3.1 Outline 
Two methods of via-hole processing in the buildup PWB 

are well known. The first one (conformal mask method) is 
the method that the PWB is adhered the copper foil to the 
surface, many etched holes are patterned to the surface 
copper foil, and the hole is drilled by irradiating laser light 
to removed position. The second method (image mask 
method) is the method of irradiating the laser light directly 
to the resin on the surface of the PWB. 

The concurrent in-line inspection system estimates the 
diameter of the bottom of the hole in the via-hole processing. 
However, for the conformal mask method, the irradiated 
laser light is partially reflected from the copper foil on the 
surface. Then, it is thought that the etched hole diameter and 
the location accuracy of the etched hole can be estimated by 
measuring the reflected light intensity from the copper foil 
on the surface. 

3.2 Experiment 
In the experiment, the optical system shown in Fig. 2 

was used for measuring the reflected light intensity. In PWB 
for experiment, four kinds of hole diameters, 60, 120, 160 
and 220 ßm, were prepared. There were 2000 holes for 
one of etched hole diameters. The laser light of one pulse 
per one hole was irradiated and the reflected light intensity 
from the conformal mask was measured. All etched hole on 
PWB was similarly measured. In addition, as assuming the 
case without the hole, the laser light was irradiated one pulse 
to the place without etched hole, and measuring the reflected 
light was repeated for 2000 times. 

As measurement result, the reflected light distribution is 
shown in Fig. 3. The reflected light intensity is shown in the 
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horizontal axis, the detection frequency was shown in the 
vertical axis. 

copper foil with plural laser pulse irradiations. 

120( 

1 
a sod 
c o 

Q 40( 

0 

D220um 

06Oum 

^■■^VH 
No hole 

0 20 80 100 40 60 
Intensity of reflection 

Fig. 3 Relationship of intensity of 
reflection and frequency 

In the case of large etched hole diameter, irradiated laser 
light is absorbed almost at the resin of the etched hole. 
Therefore, the reflected light intensity is weak. In the case of 
small etched hole diameter, irradiated laser light is not 
absorbed almost at the resin of the etched hole. Therefore, 
the reflected light intensity is strong. In the case of no hole, 
irradiated laser light is reflected from the surface copper foil 
onthePWB. 

In next, the change of reflected light intensity from via- 
hole was measured increasing the number of laser pulse. It is 
shown in Fig. 4. The reflected light is intensified with 
increase in the number of laser pulse. The reflected light 
intensity of the first pulse depends on the etched hole 
diameter, as shown in Fig. 3. The reflected light intensity is 
intensified by increasing the bottom area of the inner layer 
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Fig. 4 Transition of reflected light intensity 

3.3 Algorithm 
To examine the etched hole diameter and defect of PWB 

using the reflected light intensity, block diagram as shown in 
Fig. 5 were developed. The reflected light intensity detected 
with optical sensor 2 is calibrated with the temperature 
compensation data and the scanning position compensation 
data. Incident light intensity detected with optical sensor 1 is 
also calibrated with the temperature compensation data. 
After calibration process, the reflected light is normalized 
with incident light. 

The diameter of etched hole is basically estimated by the 
normalized reflected light intensity shown in Fig. 1. 
However, an observed reflected light intensity has been 
diverged as shown in Fig. 3. Therefore, to estimate the 
etched hole diameter from the measured reflected light 
intensity, the upper bound and the lower bound of the 
reflected light intensity according to the hole diameter are 
set. The hole by which the reflected light intensity exceeds 
the upper bound or the lower bound is recorded as NG hole. 

Threshold 
(data for judgement) 
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Normalizing 

the Reflection 
T A * LK        NGdata Judgement  -T\ 

S      recording 

Fig. 5 Control block diagram of algorithm for defect pattern estimation 
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3.4 Defect pattern 
There are many types of defects at etched hole of PWB. 
The hole diameter which is smaller or larger than the 

designed etched hole diameter, is judged by comparing the 
reflected light intensity with the upper bound or lower 
bound. In the case of exceeding the upper bound threshold 
of the reflected light intensity, the etched hole diameter is 
smaller than the designed hole diameter. In the case of 
exceeding the lower bound threshold of the reflected light 
intensity, the etched hole diameter is larger than the 
designed hole diameter. "No hole" by mis-etching is easily 
detected. 

In the case of misaligned etched hole from the right 
position, the irradiated laser light does not hit the etched 
hole and the intense reflected light is detected. That is 
similar to the small situation of the etched hole diameter. 

Using the plural pulses, the misalignment of the inner 
layer copper foil can be detected. In the case of misaligned 
inner layer copper foil, the exposed bottom copper foil is 
small. Therefore, the change in the reflected light intensity 
become small compared with that of Fig. 4. 

Defect patterns that can be detected with this system is 
shown in Fig. 6. 

Conventional 
laser drilling 

Laser drilling with 
in-line inspection 

'•JS0E 

Desmear process 

Fig. 7 Process of laser drilling and inspection 

4. Conclusion 

The improved concurrent in-line system was described. 
The optical detection principle of the system is based on the 
relationship between the reflected laser intensity from the 
bottom copper foil in via-hole and the area size of the 
exposed copper surface. The improvements were carried out 
by the development of algorithm for defect pattern 
estimation. Using the system, the etched hole diameter and 
misalignment could be detected. As a result, the capability 
of the enhanced concurrent in-line inspection system to 
substitute the AOI function was confirmed. 
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Fig. 6 Defective hole pattern 

3.5 High throughput processing 
As the above-mentioned, this concurrent in-line 

inspection system can work as laser drilling and inspection 
defective holes at the same time. Therefore, additional time 
for the inspection is ignored. 

In the conventional via-hole processing, desmear process 
and hole inspection process by AOI are required after laser 
drilling. AOI process time is typically needed 40 seconds. 
However, in our system as shown in Fig. 7, only desmear 
process is required. As a result, tact time in the entire via- 
hole processing with using this system is shortened and the 
high throughput processing can be achieved. 

The significance of our laser drilling machine, the AOI 
system is not required and tact time can be reduced, was 
confirmed. 
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Laser Micro Processing Unit and Its Application 
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This is the report for compact laser micro processing unit excimer laser emploied featuring very 
fine process with high accuracy. 

This unit consists of objective lens, of which magnification is 10 to 80, used for both processing 
and observation.    It makes possible high energy density resulting 0.5um resolution at 248nm, 
accurate positioning and compact size. 
Applications 
1) Removing upper metal layer of LSI in order to inspect pattern of the bottom layer. 
2) Creating fine geometrical pattern on PET fiber cloth in order to apply new function such as 

better dyeing and adhesiveness. 
3) Creating lOOum dia. hole to artificial blood vessel made of polyurethane tube with 2mm inner dia. 

in order to have similar mechanical property to real blood vessel. 

Keywords :exicimer laser,Microfabrication,LSI,PET,polyurethane 

1. Introduction 

Excimer Laser Micro Processing Unit features fine 
resolution in micron order level because the excimer laser 
emits high energy photon so that the processing is done by 
using abrasion phenomenon without generating heat. This 
unit is used for processing of PCB, machining of micro 
machine and so on. In fact, it is confirmed to process many 
kinds of material such as nietal, resin and ceramics. 

In the development of large processing unit for 
industrial use, large processing area and high frequency 
pulsing of laser have been main development points in order 

to get high throughput and low running cost. However, the 
miniaturization and fine processing were main development 
concepts of this unit. The "Excimer Laser Micro Processing 
Unit" having 0.5um resolution has been developed by 
redesigning optics and downsizing oscillator leading to the 
best ability of excimer laser. [1] 

This report describes the construction and features of 

"Laser Micro Processing Unit C4540", which has separate 
laser oscilator from processing part, and "IC laser Ablator 
L5910", which has everything in one box. The application 
examples are also introduced. 

Fig.l IC Micro Ablator L5910 
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2. Background of Development 

Excimer laser radiates ultraviolet (UV) light from 193nm 
to 351nm, so that it can process with 0.5um resolution in 
theory. However, approximately 2um is the actual limit of 
existing unit because of the difficulty of optical design and 

selection of optical material in UV range. While the 
lithography system already has quarter micron resolution. 
In order to achieve same resolution with processing unit, the 
unit has been developed by looking at following points 

mainly: 
1) Improvement of reduction projection lens. 
2) Establishment of the technology for efficient radiation 

of laser. 
3) Increasing laser energy density at process point. 
4) Improvement of ease of use and establishment of 

safety. 
Fig. 1 shows appearance of   "IC laser Ablation unit L5910" 

3. Construction of the Unit 

Fig.2 shows example of construction inside.   The unit 

consists of following 6 blocks. 
1) The beam shaping optics to optimize laser beam shape 

and power-distribution. 
2) The mask and adjustable slit to determine process 

pattern. 
3) Projection lens to project mask pattern on the sample. 
4) Multiple stage to adjust the process position of sample. 
5) Microscope to adjust process point and to observe 

sample. 
6) Controller for whole system including excimer laser 

oscillator and gas supplier. 
The table 1 shows the each part consisted and its function. 

In order to get performance of the lens, the beam shaping 
optikal system has beam expander, homogenizer, attenuator 
and so on depending on the purpose of process. The 
lenticular is used for homogenizer because it can regulate the 
uniformity and beam shape at the same time. In order to 
achieve large adjustable range and high durability, the 
dielectric multi layer coating optics is used for attenuator. 

The optical system is de-magnifying projection by mask 
imaging method. The reason of adopting mask-imaging 
method is that the pattern process is the majority of 
processing by excimer laser. The sample is irradiated by 
excimer   laser  beam,   illumination   light   for  mask   and 

illumination light for observation. Finite optical system is 
adopted so that all of light are on the same axis. Thus, it is 
not necessary to use image formation lens. 

Ü 

VeriabisSriL  r 

Pulse Shaping OpUoai Syeram 

Laser Osciiator 
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Fig2. Example of construction inside. 

Table 1 Construction of   Laser Micro Processing Unit 

Part Function 
Processor Beam shaping optics Homogenize the laser beam and adjust 

divergence to de-magnifying lens. 
Mask Select mask, which has processing pattern, 

or adjustable rectangular slit. 
Illumination of mask Project mask pattern on sample with 

visible light and display it on the monitor. 
De'magnifying lens Dcmagnify the mask pattern on the 

sample by mask imaging method. 
Multi axis stage Align the sample to any desired position. 

It can be automated by combining with 
image processor. 

Observation Part Microscope Optics Observe the sample through de-magnifying 
lens. Align the processing position and 
adjust the focus. 

Monitor for camera Display the sample image taken by CCD 
camera on the monitor to show lines and 
for image processing. 

Controller Computer Control the stage and laser oscillator. 
Picking up piston from the image and 
calculation for correction can be possible. 

Gas Supplier Supplier Unit chassis and cabinet for gas cylinder of 
laser gas.   It is controlled automatically. 

Safety Gas leak detector, seismograph and 
anemometer are equipped. 

4. Features 

The greatest feature of this unit is high resolution. Table-2 
shows basic characteristics of objective lens in excimer micro 
processing unit and magnification of the lens used in 
microscope for general use. There is a variety of 
magnifications from 10 to 80 times. The theoretical limit of 
resolution at 193nm is 0.15um and 0.15um resolution was 
actually achieved by test at 248nm. Similar resolution to 
microscope lens can be obtained at the around of processing 
area without distortion. The magnification of the 
observation optics including CCD camera to get the image on 
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the monitor is 7300 times maximum. 
Color aberration is taken into account for these lenses so 

that the laser beam is also focused on if the processing part is 
in focus on the monitor. Besides, since the unit has 

illumination light for mask, mask pattern and its position is 
displayed on the monitor with bright visible light. 
Therefore, it is possible not only to align processing area but 
also to adjust the slit size on the monitor. 

Table 2 De-magnifying lens for Excimer Laser 

For Excimer Laser For 
Microscope 

Magnificatio 
n 

NA Resolution 
(urn) 

Processing 
Resolution 
(um) 

Working 
Distance 
(mm) 

Magnificatio 
n 

X5 
X 1 0 0.2 0.62 2 10 X 1 0 

X20 
X 2 2 0.28 0.44 2 23 

X4 O 
X5 S 0.5 0.24 1 8 
X 8 0 0.65 0.19 0.5 2 

x 1 0 0 
•   The resolution is the one when using KrF laser (248nm). 

, t   Processing resolution differs at different material. 

The accuracy of position is also important as well as that 
of processing so high magnification of observation system 
and laser beam alignment system are indispensable. They 
make possible automated position alignment by image 
processing. 

The magnification of standard lens employed in "IC laser 
ablator L5910" is 55 times so the line width of mask pattern 
is 550um when processing with lOum line width. The mask 
with 550um line width can be easily made by etching metal. 
Besides, it is possible to keep energy density low at the mask 
so the mask made of organic material can be made by this 
unit. The necessary energy density at the processing part is 
determined by the material so the power of laser oscillator 
can be less than 1/30 when using 55 times lens compared 
with 10 times lens in order to get same energy density. With 
"IC laser ablation system", more than 30J/cm2 of energy 
density can be obtained from less than lOmJ laser. 

Thus, the bigger magnification of lens gives an 
advantage not only for the ability of processing, but also for 
reliability of laser, damaging of mask, life time of optical 

parts and so on. 

5. Applications 

Here are three example of application using excimer laser 
micro processing unit. 

Fig.-3 is the picture of LSI after removing upper metal 
pattern by IC laser ablator L5910. The upper metal pattern 
was taken away with the area of 30x30um after removing 

polyimide and lum thickness SiN film. Then, middle metal 
layer was removed with lOxlOum area to observe the bottom 
metal pattern. It can be clearly observed that there is no 
damage made to the bottom Al layer. 

The LSI has laminate construction as shown on the figure 
and there are more than three layers even only for metal layer. 
The YAG laser cutter has been used for LSI analysis, 
however, IR laser doesn't have processing selectivity so it 
damages to lower pattern. Therefore, it can't be used for 
latest LSI processing, thus, the excimer laser is used because 
of good selectivity. 

The technology to remove specified isolation layer or 
metal pattern layer in order has been strongly required for 
failure analysis of LSI.   The excimer laser is widely used for 
advance treatment of prober, EB tester, emission microscope. 

[2] [3] 

Fig.3 LSI after removing upper metal pattern. 

Fig.-4 is the example of modified surface of PET fiber 
after the excimer laser (KrF) is irradiated. It is well known 
that irradiating laser modifies the surface structure of resin 
and creates geometrical pattern. [4] The purpose of tis 
experience is to develop the fabrics having new 
characteristics such as better dyeing and adhesiveness by 
irradiating laser to the fiber. 

The size of micro structure such as groove or fold is 
0.5-2um so the influence given when creating microstructure 
can be studied by irradiating excimer laser with same size as 
micro structure or a few times bigger to the one peace of 
approx. 20um dia fiber. It is believed that it helps to 
discover the mechanism of generating microstructure or 
boundary effect not only for fibers but also other resins. 
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Fig.4 Typical example of irradiated PET surface 

Fig.5 Example of small area irradiation 

Fig.-6 is the example of processing of the polyurethane 
tube (2mm inner dia., lOOum wall thickness), making lOOum 
dia. micropores with 200um distance in between longitudinal 
axis and each 60deg, 30deg and 15deg angle to 
circumference, in order to create artificial vessel.[5] The 
micropores having sharp edge are lined up precisely. It is 
possible to modify mechanical characteristic of tube similar 

to that of real vessel. 
In order to confirm the function of pores, the ingrowth of 

cell through pores has been observed as shown on Fig.-7 It 
is clearly seen endothelialization through lOOum pores 
processed to 30um thickness polyurethane tube. 
Verification test for compliance match is now being 

fabricated. 

4 hrs 1 day 

Fig.7 The ingrowth of cell through pores 

6. Ending 

"IC laser ablation unit L5910" small excimer laser inside 
is a desk top size unit so it is easy to installation. 

However, the processing the this unit features is being 
replaced by "IC ablator L7270", which employs ultra violet 
solid state laser oscillator, because it is now possible to 
achieve 3rd and 4* harmonics of solid state laser with good 
stability. Therefore, the excimer laser type is shifting to 
shorter wavelength model, ArF (193nm), for processing of 
glass or resin, which 193nm beam is required. Further more, 
development of KrF(157nm) model is being planned. 
At the end, we thank to Dr.Y.Nakayama and Dr.K.Mizoguchi 
for the data of applications. 
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High power diode lasers gain considerable interest for materials processing applications, since they 
are very efficient, easy to use, reliable and almost service free. In contrast to conventional lasers, 
state-of-the-art high power diode lasers consist of a high number incoherently coupled individual 
semiconductor lasers, which are combined to one unit by use of semiconductor technology, micro- 
mechanics and micro-optics. A power range from 10 W until up to 8 kW can be covered. This 
paper describes the technology of diode lasers in the range between 30 and 150 W. The diode 
lasers have already successfully entered the industrial manufacturing area. As applications of lasers 
in this power range soldering and polymer welding are described in more detail. 

Keywords: diode lasers, materials processing, micro processing, laser soldering, polymer welding 

1. Introduction 

Diode Lasers are widely used in communication, 
computer and consumer electronics technology. These 
applications are based on systems, which provide power in 
the milliwatt range. Since a few years high power diode 
laser systems are available, with a power range from a few 
ten watts up to several kilowatts. Their basis, however, are 
in principle still the milliwatt lasers mentioned above, which 
are integrated into a compact system and combined by 
semiconductor technology, as well as mechanical and 
optical micro-technology. In the low power range up to 
150 W diode lasers can be used for micro materials 
processing, e.g. micro soldering or polymer welding, 
whereas for the classical laser materials processing area, e.g. 
surface treatment, welding or brazing laser systems up to 8 
kW are offered on the market. 

2. Diode Laser Technology [1], [2] 

From a traditional diode laser element typically only a 
few milliwatts can be extracted from a pn-transition. To 
increase the power, several single elements are integrated 
into one semiconductor element, which has a size of about 
10000 urn x 600 um x 115 urn, where 600 urn is the 
resonator length in this case; this may be as long as 2 mm in 
todays high power lasers. This unit is called a "laser bar". 
The special shape of the light generation area leads to 
special light emitting characteristics, which shows a high 
divergence in the direction of the pn-transition ("fast axis"), 
and a lower divergence, but a wide emitting "stripe" in the 
pn-plane ("slow axis"), leads to a Gaussian profile in one 

direction and - at least theoretically - a top hat in the other, 
(for details see [1], [2]) 

Even if these laser bars show electrical to optical 
efficiencies of 40 to even above 50%, considerable amount 
of heat must be removed through the small footprint if 
power resp. current is increased further; therefore, the laser 
bar must be mounted onto a special water-cooled heat sink, 
which removes the excess heat and, thus, prevents the bar 
resp. the mirror facets from thermal destruction. 

The fast axis light is collimated by cylindrical micro- 
lenses to get a parallel beam; the slow axis light can also be 
collected by micro-lens arrays or by sophisticated beam 
re-rangement concepts, e.g. a beam tilt unit [3] which is 
described in detail elsewhere [1]. 

For further increase of power, several of the assemblies 
consisting of the laser bar, the heat sink and the micro-optics 
for beam forming can be stacked on top of each other. In 
low power laser systems (see §3) only four or five 
assemblies are stacked to reach about 150 W with a good 
beam quality of ca. 50 to 80 mm mrad1*, whereas for higher 
power up to 35 may be stacked on top of each other, 
delivering up to 1 kW from one stack, but at the expense of 
beam quality, which is typically in the range of 200 to 
300 mm mrad in the multi-kilowatt-systems (see [1],[2]). 
Fig. 1 shows a unit, in which four heat-sinks and laser bars 
are stacked and the beam is formed to a quadratic shape by 
use of the beam tilt unit [3]. 

"     Since the Beam-Parameter-Product (BPP) is in most cases different in 
the slow and the fast axis direction (see above), these values 

correspond to the geometric average: (BPP)—  JBPP     ' •BPP,,, 
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Fig. 1: 
Stacked diodes with 
beam tilt unit (micro 
prism facettes are 
visible in the 
rectangular front 
window) and water 
absorber cartridge 
(cylindrical unit on 
top) 
Foto: DILAS 
Diodenlaser GmbH 

3.    Diode Laser Systems for Micro Materials Processing 

The basic unit shown in fig. 1 is integrated in diode laser 
systems which provide up to 150 W with a beam quality, 
which is sufficient for most precision micro materials 
processing applications. A typical system for industrial use 
is shown in fig. 2. The system delivers a spot with a size of 
0,6 mm x 1,2 mm at a working distance of 84 mm. The laser 
head including the optical tubus is as small as 186 mm x 50 
mm x 71 mm (length x width x height) and the weight is 
only 1,2 kg. Therefore, the laser head can be easily 
integrated into processing systems. 

/ft/Jittt/itt¥,- 
ff*/t/ttltHfft 

?F»; 

s^lpp^^ 

Fig. 2: Industrial diode laser system for micro materials 
processing up to 150 W (cooling unit is not shown) 

For those applications, where the rectangular beam shape 
is disadvantageous or where the space is even too small for 
the above mentioned laser head, fibre coupled units are 
available. By special micro-optical components, e.g. the 
beam tilt unit [3], the emitting stripes of the diode laser bar 
can be rearranged in such a way, that a quadratic beam with 
identical divergencies in x- and y-direction is generated. 
Such a beam can be coupled into an optical fibre with a high 
efficiency. Fig. 3 shows a 30 W fibre coupled unit2) with a 

Financial support from the EC for the development of this system in 
frame of the BRITE-EURAM project "POLYWELD" (project number 
BE 97-4625 BRPR-CT98-0634) is gratefully acknowledged 

400 urn diameter 0,22 N.A. step index fibre and working 
head, which will be described in more detail later. 

:.-*#§•' 

Fig 3: 
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Fibre coupled table top diode laser system for 
micro materials processing (30 W; 400 urn diam. 
0.22NASI-fibre) 

The result of micro materials processing with lasers is in 
many cases sensitive to the laser power, which is absorbed 
from the work piece. The absorbed power, however, 
depends not only from the incident laser power, but also 
from the surface conditions, from the relative velocity of the 
work piece and the laser spot etc. Too high power for a 
fraction of a second may overheat the work piece for a short 
time and lead to a fatal damage of the part. To minimise 
such a risk an on-line control unit is offered for power 
control. This unit, which is shown in fig.4 consists of a 
pyrometer, which measures the thermal radiation from the 
irradiated surface as well as a camera for positioning and 
visual process control. The pyrometer signal, which is 
proportional to the temperature at the surface of the work 
piece is analysed by a computer and the result is fed back 
into a control loop for the laser power, so that the laser 
power will automatically reduced, if the temperature 
becomes too high and vice versa. 

c 
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Fig. 4: Working head with a direct coupling to a 90 W (up to 
150 W available) laser head; fibre coupling is also 
possible (see fig.3) 
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4.    Micro-Applications of Diode Lasers 

4.1 Soldering 
The miniaturisation of the electronic components, which 

leads to a higher pitch, i.e. distance and size of the connector 
leads are decreasing. Thus, for such components, which 
cannot be soldered by mass flow soldering technique e.g. for 
thermal reasons, manual soldering used so far becomes more 
and more difficult. Laser soldering as an alternative method 
has been developed several years ago in the early 80's, 
preferably using pulsed low power NdYAG lasers; laser 
soldering is advantageous over conventional soldering 
technologies, since it does not need any mechanical contact, 
provides a good accessability to tiny parts and is very good 
to control in terms of power and positioning; besides the 
dimensional reasons mentioned above, these features make 
laser soldering especially attractive, if components have to 
be soldered, which are sensible against electrostatic 
discharges (ESD) or sensitive against thermal load. 
However, the relatively high cost of operation and the rather 
large size of the NdYAG laser head prevented integration in 
existent soldering systems and thus large scale application 
so far. High power diode lasers in the power range of 30 to 
150 W as described above rule out these disadvantages. The 
high efficiency and the long lifetime of the diodes  makes 

Temp. Control 
(pyrometer) 

Diode laser 30 - 150 W     solder wire feed 

Fig. 5:     Typical set-up for diode laser soldering [5]; 

Properly manufactured semiconductor elements typically do show 
degradation instead of sudden failure; therefore as a criterion for 
lifetime of diode lasers, the time after which the maximum specified 
output power has decreased by 20% is defined. Technically, the current 
is increased during this time to maintain output power. Under this 
definition today typical lifetimes exceed 10.000 hours. It must, 
however, be mentioned, that the lifetime depends from the actual 
parameters of use and can exceed the above number considerably [4] 

the high power diode laser a very attractive tool for 
soldering applications. Furthermore, the power of the diode 
laser can be controlled very accurately, much better than 
that is possible for the pulsed NdYAG laser; this can be used 
either by careful definition of a power track for the weld 
cycle, or - even more convenient - by pyrometer feedback 
control. 

A typical set-up of a commercially available soldering 
system is shown in Fig. 5 [5], It consists of the diode laser, 
which is aligned to the solder pad, a wire feed system and - 
optionally - by a pyrometer for the measurement of the 
surface temperature in the solder region: in this photograph, 
an off-axis pyrometer is used, but on-axis integrated system, 
as described in section 3 is of course also possible. 

4.2 Polymer Welding 
Similar to laser soldering, polymer welding has been 

performed earlier by use of NdYAG or C02 lasers [6]. And 
also, the same is true as for soldering: The break through of 
this technique is going on by use of high power diode lasers! 

Polymer materials are normally transparent in the near 
infrared spectral region, where high power diode lasers 
typically emit, but coloured and black polymers can absorb 
diode laser radiation. The thermo-mechanical behaviour of 
polymers, however, differs considerably from the behaviour 
of metals: whereas metals show a clear transition at certain 
temperature from the solid to the liquid state and from the 
liquid to the vapour phase, thermoplastic polymers start 
melting at so called glass temperature and slowly reduce 
viscosity with increasing temperature up to the melting 
point. At higher temperatures polymers rather start 
decomposing than they vaporise. Duroplastic or elastomeric 
materials normally do not show any softening behaviour 
when heated, but decomposition or charring, and thus, are 
not suited for laser welding. The viscosity of the heated 
polymers is still high compared to melted metals; moreover, 
thermal conductivity of polymers is much lower, than that of 
metals. 

Fig. 6: 
typical configuration for 
polymer welding [7] 

For these reasons, the ideal configuration for polymer 
welding is the overlap weld of a layer, which is transparent 
for the laser and a layer, which is strongly absorbing (i.e. in 
a few tenths of a millimeter) the laser light, as is shown in 
the sketch in fig. 6: The laser radiation is absorbed in the 
bottom layer, which is heated beyond the glass and melting 
temperature, but of course not above decomposition 
temperature. The heat is then transferred by heat conduction 
from the absorbing layer to the non-absorbing layer, which 
thus, is also melted, if the melting temperatures are in the 
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same range. If the layers are sufficiently pressed together, 
the melted material from the two layers is mixed and thus, 
forms a reliable joint after cool down. 

One of the very first industrial applications of diode 
lasers for polymer welding is the hermetic seal of the 
electronic car key, which is shown in fig. 7 [7]. The most 
interesting in that part is, that it not only demonstrates a 
successful use of high power diode laser in an industrial 
manufacturing environment, but also shows, that even 
layers, which show the same colour to the human eye - 
black - can be welded together with the method described 

/ 
Lid with push buttons housing with electronics 

welded seam 
Fig. 7:    Laser welded electronic key [6], Laser power ca. 

40 W; welding speed ca. 10 m/min 

above: whereas the body is blackened by carbon black and 
thus is absorbing over a wide range from the visible to the 
infrared, the lid is made black by pigments, which are also 
absorbing in the visible, but which are transparent at the 
laser wavelength. In that way, the ideal set-up for polymer 
welding as proposed in fig. 6 is realised: the top layer is 
transparent for the laser, whereas the bottom one is heated at 
the interface region and melted by the diode laser. 

4.    Conclusion 

High power diode lasers have already entered the industrial 
manufacturing floors for low power and high power (up to 
several kilowatts) applications ([1], [2]). Whereas in the 
high power range surface treatment, heat conduction 
welding and brazing seem to be most attractive, in the range 
of lower laser power micro processing applications as high 
precision soldering and polymer welding have been 
successfully demonstrated and implemented in 
manufacturing lines. However, the lower beam quality of 
diode lasers compared to NdYAG or C02 lasers still 
excludes diode lasers from those applications, which require 
high power density above 106 W/cm2. Therefore ambitious 
research projects have been launched to exploit the diode 
laser technology not only into the classical laser applications 
but even more into those novel applications, where the 

modular concept, i.e. the fact, that the high power diode 
laser consists of many separate individual laser sources, are 
advantageous [8]. This strategy will lead to a bright future of 
diode lasers and a wide, new laser market in the next few 
years. 
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A new scheme for phase control of optical components using laser ablation shaping (LAS) has been developed. The surface 
shape of optical plastic material coated on a glass plate is ablated using 193 nm laser light to control the transmission wave 
front. The surface shape is monitored in situ and corrected to attain the desired aberration level. The irradiation fluence is 
about 40 mJ/cm2, and the ablation depth per pulse is about 0.01 jum per pulse for UV-cured resin. A wave front aberration of 
3.0 A is reduced to 0.17 A in the case of flat surface shaping. In the case of spherical surface generation, an aberration of 2.5 
A is reduced to 0.2 A. Increase in surface roughness is kept within the acceptable levels. This scheme has been applied to the 
fabrication of micro-optical elements for the collimation of laser diode (LD) or single mode optical fiber (SMF). In the case of 
LD lens, micro-collimate lens was placed at the output surface of LD, and the wave-front error was measured with Shack 
Hrtmann wavefront sensor. In the case of SMF, small lens was formed directly at the output surface with uv-cured resin. The 
laser beam was focused to 250 jUm in radius for micro-fablication. The wave-front distortion was decreased from about 15 A 
to less than 2 A in mm size lens. 

Keywords :   laser ablation, ArF laser, optical phase control, micro-optics, laser ablative shaping 

1. Introduction 

Precise optical components are very important for high performance optical system. However, the fabrication of precise 
optical components such as lens, mirrors or windows is difficult in conventional polishing or casting process. Recently some 
new fabrication schemes are developed using ion beam milling [1] or magnetic fluid[2]. However, even in such new schemes, 
the fabrication of precise optical components becomes very critical when the size of the optical components is smaller than 1 
cm. Nevertheless, the optical component must be used combined with the optical source or other optical components. In this 
sense, optical components must have desirable shape for obtaining a good optical performance combined with other optical 
system. 

We have proposed the method of laser ablative shaping (LAS) of optical components using a very short wavelength laser 
(ArF excimer laser: A =193 nm)[3][4]. In this scheme, the ArF laser beam is irradiate on to the surface of the optical plastic 
material coated on a glass plate to ablate the surface for the control of the transmitting or reflecting wavefront. This process 
was made under the measurement of a wavefront sensor, and the process was controlled by a computer. We obtain very good 
control of transmitted wavefront for flat surface and spherical lens generation [4]. This should be the first report on the 
shaping of refractive optics using laser ablation to attain the accuracy level required for use in precise optics. 

We also applied LAS scheme to control the wavefront of micro-optical components such as micro-lens for the collimation 
of laser diodes (LD)[5] or single mode optical fibers (SMF). In this application, the plastic micro-lense was coupled with the 
light source (LD or SMF), and the phase of the output beam was measured and corrected so as to obtaining a well collimated 
beam. In this scheme the coupling error of lens with the light source is easily compensated, and the output beam is in a very 
good alignment condition for the light source. 

In this paper, we report on the fabrication of phase error correction of precise optics using an ArF excimer laser in a 
non contact shaping scheme. In section 2, the experimental method and the experimental results of the processing with direct 
beam irradiation in 5 cm size elements are described. The application of LAS scheme to LD and SMF are given in section 3. 
Discussion and conclusions are included in section 4. 
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2. Processing with direct beam irradiation 

The schematic of the LAS system is shown in Fig.l. This system consists of a phase-shift interferometer (Olympus, KIT- 
201 ), an ArF excimer laser (Lambda Physik,  Compex 201), a precise X-Y stage (Physik Instruments, resolution: 0.1 /J.m) 
and computers for the control of the stage and calculation of the wavefront. Due to the poor beam quality of the ArF laser, a 
uniform part of the output beam is selected using a 4.5-mm-diameter aperture. This beam is projected directly onto the work 
piece for ablative shaping. A variable beam attenuator is used to control the laser intensity. We chose PMMA and UV-cured 
resin materials because of the good ablation uniformity under ArF laser irradiation. We observed a highly uniform surface 
after ablation. However, optical plastics are very poor materials and cannot be used in  precise optics because of the bulk 
nonuniformity of the index, the index change due to humidity absorption and the strong birefringence induced by stress. To 
overcome these disadvantages, we used a very thin layer of UV-cured resin coated onto a glass substrate. If the thickness of 
the resin is reduced from 5 mm to 50 jura, the bulk nonuniformity, index change and the stress birefringence are reduced by 
less than 1/100 the original values, a level which is acceptable for practical application to precise optics. We fabricated this 
hybrid glass-plastic plate using the replica method[4]. 

Original After ablation 

Phase-shift 
Interferometer 

ArF excimer laser 

Plastic layer 

Glass substrate -~|f 

Mirror 

(a) 

Wave front 
distortion 

E 

Mirror for 

X-Y 
stage 

0.17 X. 

Fig. 1.   Schematic of the laser ablative shaping 
(LAS) system 

(b) 

Wavefront Defocus    1.7 X 
distortion       P-v: 2.5 X Aspheric   0.2 X 

Fig. 2 Correction of transmitted wavefront. 
(a) flat and (b) spherical surface. 

At the start of the process, the wavefront of the substrate is measured using the interferometer. This wavefront is compared 
with the desired shape (in this case, flat or spherical), and the computer generates a map of the number of pulse shots to be 
directed on the substrate. The ArF laser is operated at 17 Hz. During the laser pulse irradiation, the X-Y position of the 
substrate is controlled by the computer. After laser pulses irradiation, the wavefront is measured again. These procedures are 
repeated until the phase error reaches an acceptable level. Normally, this feedback loop is repeated 2 or 3 times for obtaining 
the desired results. The experimental results of LAS are shown in Fig. 2. In this case, 5-cm-diameter substrates of hybrid 
glass-plastic plates are used for flat and spherical surface generation. The fluence of the irradiating laser pulse is 45 mJ/cm2. 
This fluence is chosen because the surface roughness is minimum at this fluence level. The scan increment is 0.36 mm in the 
X and Y directions. The position of the substrate is moved point to point by this increment after the shot of laser pulses 
decided from the phase map. The wavefront distortion at the starting period was 3.0 A for flat surface generation, and 2.5 A 
for spherical surface generation. The final wavefront distortion for the flat surface was 0.17 A over 90% of the area. In the 
case of a spherical surface, the aspherical component was also less than 0.2 A. The surface roughness was almost the same 
before and after ablation. 

3.   Processing with focused beam irradiation 

3.1 Micro-lens for laser diode 
Since LAS has been demonstrated as a useful scheme to fabricate precise optics, the most important field of application of 

LAS is in the micro-optics fabrication[5]. In conventional optical fabrication technologies including magnetic fluid scheme, 
the fabrication of high accuracy micro-lens is a very difficult subject. On the other hand, LAS seems to be very easy to apply 
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to the micro-lens fabrication because we can change the size of laser beam as we want. We chose single mode laser diode as 
the light source for this demonstration. We designed a micro-lens for visible ( A = 670 nm) single mode LD, and fabricated 
this lens with casting process of optical plastic. This lens consists two cylindrical lenses in orthogonal direction and 
curvatures of these lenses are 1.26 and 1.79 mm in radius. This lens was mounted on to the LD and the wavefront of the output 
beam was measured with a Shack-Hartmann wavefront sensor. This wavefront sensor was used because the aberration level of 
the output beam was as large as 40 A, which is too large aberration to measure with interferometers. In the case of the micro- 
lens fabrication, irradiation beam was focused on to the phase correction plate placed as shown in Fig. 3. An example of phase 
correction of LD beam is shown in Fig. 4. The original aberration of 30 A was reduced to 4 A after the correction of phase. 
This insufficient correction of aberration was come from the surface deterioration due to a large ablation depth. In this 
correction, the ray at the peripheral area consists larger aberration as compared with the central area, and new peripheral rays 
are appeared after the correction. This problem will be suppressed when the initial aberration level is reduced by the improved 
design of micro-lens. 

A 
0.6 mm    w ' *^r 

zd 
V 

Phase correction area 

Micro-Lens        Phase correction plate 

Fig. 3. Schematics of phase correction of laser diode (LD) light. 
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(a) Original wavefront 
PV(A):30.5 RMS(A):4.7 
Beam size: 1.79x0.93 

(b) After correction 
PV(A):13.3, RMS(A):2.1 

Fig. 4 Correction of wavefront of LD light, (a) Original and (b) after correction. 

3.2 Micro-lens for single mode optical fiber 

In the field of optical fiber application, the fiber connection is a troublesome problem. Conventional single mode 
connectors require very high accuracy components and the cost of this connector is not cheep enough. We also have many 
problems when we want to couple light sources such as LD or lasers with SMF or to use balk optics such as polarizers or 
filters between SMFs. For avoiding this problem, we tried to apply LAS scheme to the SMF connection. A micro-lens for the 
collimation of SMF light has been fabricated directly on the end surface of SMF. A simple tube was attached to the end of 
fiber and a small amount of UV-cured resin was injected on the end surface of the fiber. This resin forms a small lens by the 
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surface tension, and is cured by UV light. We can measure the aberration of this micro-lens using the light through the fiber, 
and this aberration can be corrected by LAS. In the case of SMF lens, the initial aberration of 15.4 A was reduced to 2.2 A. 
This aberration level is not enough for the direct application of this method to the mail line of fiber network, this connector 
will be applicable to the fiber connection at the local aerial network (LAN) or the fiber to the home (FTTH). 

4. Discussion and conclusions 
In the case of direct beam irradiation, the aberration level of after phase correction was low enough for many applications. 

However, in the case of focused beam irradiation, the level of phase correction is not high enough; the surface of ablated area 
was deteriorated due to the increase of surface roughness. The actual reason of this deterioration is not clear as yet. We are 
now trying to improve the surface roughness by changing the polarity of the irradiation beam and the beam pattern on the 
surface. A very critical dependence of surface structure after the ablation with a slight amount of change in polarization has 
been observed. We will find the mechanism in which the surface roughness is affected during LAS process in focused beam 

irradiation. 
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Non-lithographic coherent array of ultrafine particles 
on an irradiated material using Nd:YAG laser 

- Influence of the laser fluence on the microstructure - 
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A non-lithographic coherent array of ultrafine tungsten particles (150 - 500 nm diameter) is 
self-assembly arranged around a laser-irradiated mark on a tungsten substrate. Single and poly-crystal 
tungsten substrates were irradiated by a Q-switched Nd:YAG laser under low pressure in an inert gas 
atmosphere. We studied the effect of the laser fluence on the morphology of the coherent arrays. 
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used for 
these observations. The spacing of the coherent array increases with increasing laser fluence. For a 
10.5 J/cm2 irradiation, many droplets and peeling of the surfaces induced by rapid thermal expansion 
of the tungsten surface were observed. The recrystallization texture on the surface was also confirmed 
by TEM observations. This suggests that the irradiated surface layer was partially recrystallized during 
laser irradiation. We concluded that coherent arrays are related to the laser fluence, the crystal surface 
structure, and the crystal growth. The recrystallization of the slightly melted tungsten on the top 
surface induced by the repeated laser irradiation plays a vital role in the formation of the array. If we 
can produce a coherent array of ultrafine tungsten particles with a higher aspect ratio, it may have 
potential applications for the emission cathodes of field emission displays (FED) and microelectronic 
devices. 

Keywords: non-lithographic coherent array, ultrafine particles, Q-switched Nd:YAG laser, tungsten, 
single crystal, recrystallization, field emission display (FED) 

1. Introduction 

It is well known that a laser induced periodic surface structure 
(LIPSS) has been produced on various kinds of material surfaces 
over the past thirty years. Metals (Al alloy, brass, NixP].» iron) [1-4], 
semiconductors (Si, Ge, GaAs) [2, 5-7], polymers [8], and recently, 
multilayer materials [9], inorganic materials [10], superconductors 
[11], diamond crystals and microclusters [12] were used as the target 
materials in the study of laser ablatioa Some researchers have 
observed the LIPSS and ripple patterns on irradiated materials like a 

silicon single-crystal surface using CO2, Nd:YAG, and excimer 
lasers. Almost all the researchers have tried to understand the 
formation of the periodic surface ripples related to the optical 
characteristics of the used laser beam Based on their discussions, te 

periodic ripples were related to the number of laser shots and not to 
one or the incident wavelength. The first pulse causes only a rough 
surface while subsequent pulses create periodic ripples [13]. The 

ripples depend on the incident wavelength, polarization, and the 
angle of incidence. The ripple spacing is calculated from Rayleigh's 
diffraction condition as stated in Eq. (1) [1,3,5-7]. 

A =   A/(\±sin0) (1) 
where A is the ripple spacing, Ais the laser wavelength, and 0is 
the angle of incidence relative to the surface normal. 

Some researchers considered that the ripple spacing is related 
to the polarization (p-polarized incident beam) of the incident laser 

beam [1-3, 5-8]. In this case, the ripple direction should be 
perpendicular to the polarization of the normal incident beam and 

parallel to the plane incident beam at 6> 45° [5]. The ripple spacing 
of the incident beam at 9> 45° was calculated from AI cos 0[5]. For 
a polyethersulfone (PES) film, the spacing is several times larger 
than the laser wavelength, and thermal processes on the etched 

surface play a significant role in the rnicrostructure formation [8]. 

228 
First International Symposium on Laser Precision Microfabrication, Isamu Miyamoto, Koji Sugioka, 

Thomas W. Sigmon, Editors, Proceedings of SPIE Vol. 4088 (2000) ©2000 SPIE • 0277-786X/00/$15.00 



When the laser beam was circularly polarized, no ripples were 

observed [6]. In a recent report on inorganic materials using an ArF 
excimer laser for geometric surface modification, the influence of 

polarization was not confirmed. In the single crystalline CaF2 case, 
Ihe structure of the laser-irradiation marking depended on the crystal 

surface structure [10]. The LEPSS induced on metallic surfaces does 
not necessarily depend on tiie laser light polarization or wavelength. 

A more important factor seems to be the characteristics of the 
material and its molten bath ramer than those of the laser [4]. 

We have previously reported that a new coherent array of 
ultrafine tungsten particles of about 700 nm in diameter was 
discovered around the laser-irradiated mark on the (100) orientation 
surface of a single crystal tungsten substrate [14-16]. These arrays 

were coherently arranged in several directions like a 
two-dimensional crystal structure. On the other hand, the ripples 
were arranged only in one directioa This experimental result seems 
to indicate that the coherent array of particles is not related to only 
Ihe laser characteristics as former researchers considered. We tried to 
clarify whether the angle of incident and the polarization were 
related to the formation of the coherent array. The formation of the 
coherent array patterns were not affect by Ihe polarization with the p- 
and s-polarized beams. For a high angle of incidence, we did not 
find the coherent array under Hie conditions of Refs. 14 and 15 
[14-15]. We also confirmed two types of arrays, namely, a cubic 
system and a hexagonal one [14-16]. Recently, we have also 
produced a coherent array of ultrafine tungsten particles of about 150 
nm in diameter with a spacing at 640 nm [17]. 

In this study, we have used the second harmonic (532 nm) 
wavelength of a short-pulse Nd:YAG laser in order to clarify the 
effect of the laser fluence on the spacing of the array on the 
single-crystal tungsten. 

2. Experimental procedure 

The apparatus (Chamber, ULVAC Materials Technology Co., 
Ltd., Chiba, Japan) used in the experiments is schematically 

illustrated in Fig. 1. The laser was a Q-switched Nd:YAG laser 
(Spectra-Physics, CAINDI-50, maximum energy: 580 mJ at 1064 
nm, 220 mJ at 532 nm) which had a full width at half-maximum of 

4.5-5.5 ns at 532 nm The incident beam was polarized using a 1/4 A 

plate and a 1/2 A plate, so that the beam was ^-polarized at 532 nm 
The beam was introduced to the chamber through a fused silica 
window (CVI Laser Corporation, NM) and focused with a BK7 
glass lens (CVI Laser Corporation, NM) on the tungsten surface. 
The shot numbers were 2400 pulses at 20 Hz in the same regioa 
The laser fluences were 2.6, 52, and 10.5 J/cm2. The angles of 

incidence, 0, were 4° and 10°. 

Q - switch Nd: YAG Laser 
1064 nm, 580 mJ, 6 - 7 ns, 20 Hz 
532 nm, 210 mJ, 4.5 - 5.5 ns, 20 Hz 

M1.M2 
M: Mirror 

Vacuum He gas 

Fig. 1 Schematic diagram of the experimental apparatus. 

A process chamber was first evacuated to 1 x 10" Paandlhen 
high purity helium gas (99.9999 mass%) of 4 kPa was introduced. 

Specimens were single-crystals of tungsten with mirror-polished 
(100) -, (110) -, and (111) orientation surfaces (Metal Crystals & 

Oxides, Ltd., Cambridge, England, 99.99 mass%) and a 
mirror-polished poly-crystal tungsten (Furuchi Chemical Co., Ltd., 
Tokyo, Japan, 99.99 mass%). They also were cleaned in acetone and 
petroleum benzine using a ultrasonic wave cleaner before the laser 

irradiation 
A scanning electron microscope (SEM; JEOL, Ltd, JSM-6300F, 

Tokyo, Japan) was used for Ihe surface observations. The cross 
section of the array was also observed by transmission electron 
microscopy (TEM; JEOL, Ltd., JEM-4000EX, Tokyo, Japan). 

3. Results and discussion 

Figures 2(a), 2(b), and 2(c) show SEM microphotographs 
around the laser-irradiated mark on the (lll>orientation single 
crystal tungsten surface, which show the influence of the laser 
fluence at 2.6, 52, and 10.5 J/cm2, respectively. The particle array 
structures in Figs. 2(a) and 2(b) are clearly visible. The ultrafine 
particles of about 380 - 500 nm are coherently arranged with spacing 
at 595 nm (Fig. 2(a)) and 683 nm (Fig. 2(b)). In case of the higher 
laser fluence, we could not find the array but saw many droplets and 
peeling of surface layer induced by thermal expansion of Ihe 
tungsten, as depicted in Fig. 2(c). The spacing calculated from Eq. 

(1) was 453 or 644 nm. These values are very different from the 
ones obtained from the experimental results. In the case of 1he 17.4 
J/cm2laser fluence at 1064 nm and 52 J/cm2laser fluence at 532 nm, 
the spacing of the coherent array was also different from the 
calculated spacing [14-17]. That is, the surface patterns depend on 
the effect of the laser fluence rather than the wavelength of the laser. 

Figure 3(a) shows a SEM microphotograph around the 

laser-irradiated mark on the (100>orientation single crystal tungsten 
surface. The ultrafine particles of about 150 nm (radius of curvature; 

70-80 nm) are coherently arranged like a two-dimensional 
hexagonal system with a spacing at 640 nm Figure 3(b) shows a 
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(a) 
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cross-sectional TEM image of the ultrafine particle in Fig. 3(a). The 

particles composed of the coherent array seem to grow from the 

matrix surface as if they rise continuously from the base material, 

because we cannot see any grain boundary between the particles and 

the matrix surface. From this experimental result, we concluded that 

the formation of so many protuberances is related to a kind of crystal 

growth and the factors that control their formation are the laser 

fluence, the crystal surface structure preferential growth direction of 

the crystal, cooling rate and its direction, etc. Anyway, the 

reciystallizadonoffteslighlrymeM tungsten on Ihetop surface induced by 

the repeated laser inadialionplaysavital role mthefbrrnation of the array. 

Fig. 3 (a) SEM microphctograph around the laser-irradiated mark on the 

(100>orientation single crystal tungsten surface (52 J/cm2, 0 = 4°), 

(scale bar = 1 urn), (b) Cross-sectional TEM image of the ultrafine 

particle in Fig. 3(a) 

Fig. 2 SEM rnicrophotographs around Hie laser-irradiated mark on the 

(lll>orientation single crystal tungsten surface (0= 10°). (a) 2.6 J/cm2, 

(b) 5.2 J/cm2, (scale bar = 1 urn), (c) 10.5 J/cm2 (scale bar = 100 urn). 

In order to clearly understand the formation mechanism of the 

array of particles, we should study it in more detail. The rapid 

solidification of the molten tungsten induced by the laser beam 

230 Proc. SPIE Vol. 4088 



should also be considered [14-17]. The laser fluence seems to be a 
very important factor for inducing the coherent array, since the 
spacing of the array was changed by the intensity of Ihe laser fluence. 
The effect of the surface structure, crystal growth (dendrite), surface 
tension (surface energy), thermal effect, and shock wave should be 

carefully considered [17].The formation mechanism of a Coulomb 
crystal [18], which is formed from the Coulomb potential energy due 

to the charge between the particles, might also be considered. 

4. Conclusion 

In summary, we could form a different spacing array of about 
150-500 nm-sized ultrafine particles using the second harmonic (532 
nm) wavelength of the short-pulse Nd:YAG laser irradiation. These 

two-dimensional coherent arrays cannot be explained based only on 
Ihe laser's characteristics such as the wavelength, incident angle, and 

polarization as previously done. The interesting points are as 
follows: (1) the ultrafine tungsten particles of about 150-500 nm 
were coherently arranged in several directions, (2) the spacing of the 
array was changed by the intensity of the laser fluence and in the 

case of the 10.5 J/cm2 laser fluence, many droplets and peeling of 
surface layer are observed, and (3) the reciystallization texture on the 
surface was confirmed for the ultrafine particle. A much more detail 
discussion is necessary to understand this phenomenon. Such a 
coherent array of ultrafine particles may have a significant potential 
for widely diversified industrial applications ranging from emission 
devices of a field emission display (FED) and microelectronic 

devices. 
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Kinetic study of nanofabrication on gold films by atomic force microscope tips 
under laser irradiation 
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Recently, scanning probe microscope (SPM) has become a promising technique for nanofabrication. In 
this paper, we present a novel method of nano-fabrication, namely, nano-fabrication by atomic force 
microscope (AFM) tips under laser irradiation. The SPM was operated as an AFM. During imaging 
and nano-fabrication, the AFM is in constant force mode. The tip is fixed with the sample moving via a 
tube scanner. Nano-lithography software controls the scanner motion in x and y directions. The SPM 
has an open architecture allowing an external laser beam incident on the tip at an incident angle 
between 0 to 45°. A vertical polarized Nd:YAG pulsed laser with a pulse duration of 7 ns was focused 
on the tip. An electrical shutter was introduced to switch the laser irradiation. Alignment between the 
laser beam and the tip was performed under a high-power charge coupled device (CCD) microscope. 
Nano-fabrication was carried out on gold films deposited on n-type Si substrates using the physical 
deposition method. The kinetics of the nanostructure fabrication has been studied. Craters were created 
in air ambient under different laser pulse numbers, pulse energies and tip force. The feature size of the 
craters, which are in the nanometer scale, increases with the pulse number, pulse energy and the tip 
force. This technique has potential applications in the high-density data storage. 

Keywords: laser; scanning force microscope; nanofabrication; kinetics; gold thin film. 

1. Introduction 

Laser-induced processing of materials has been 
regarded as a promising and expending field for both 
science and engineering since the invention of laser. This 
field has been intensively investigated and found great 
useful in many areas, such as microelectronics and 
magnetic. Laser as a tool, not only makes manufacturing 
cheaper, faster, cleaner and more accurate but also opens 
up entirely new technologies and manufacturing methods 
that are not simply available using standard technologies. 
However it is restricted to micrometers and sub- 
micrometers due to the diffraction of laser light. In 
response to the challenges in nanofabrication, a novel 
technology that combines laser and SPM was developed 
and has been studied extensively [1-3]. Nanostructures on 
gold films have been fabricated by direct writing using 
laser assisted scanning tunneling microscope (STM) and 
AFM in vacuum and in air ambient respectively [4-10]. 
This technology is important for a number of future 

technical applications such as high-density data storage, 
mask production and reparation for semiconductor 
industry. 

In this paper, we will describe nano-fabrication on gold 
films using AFM in combination with laser. The setup of 
our experiments, sample preparation and experimental 
methods will be discussed. The experimental results show 
that the tip-enhanced laser irradiation can be effectively 
used in nano-fabrication. 

2. Instrumentation and experimental methods 

Figure 1 shows the schematic diagram of the 
experimental setup. A commercial SPM (Model 
Autoprobe CP, Park Scientific Instruments) was used. The 
SPM works as either an STM or AFM. It has an open 
architecture that allows a pulsed laser beam incident 
directly onto the surface of the tip and the sample. In the 
experiment, the SPM was operated as an AFM, working in 

1 Email: eleluyf@nus.edu.se. Fax: +65-779-1103 
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constant force mode. On-axis CCD microscope with a 
3500x zoom provided a real-time, color video view of the 
surfaces of the tip and the sample. Commercial Si tips 
were used in the study. The length of tips is about 3 \im 
and the radius of curvature is 12 nm. A Q-switched pulsed 
Nd:YAG laser was used. The frequency-doubled pulsed 
laser has a vertical polarization. The pulse duration is 7 ns 
and the maximum repetition rate is 10 Hz. The output 
energy is adjustable. We introduced an electrical shutter to 
switch the laser on and off and a 20 cm Plano-convex lens 
to provide focusing of the pulsed laser. The focused laser 
beam was introduced to the tip-sample gap from the front 
side of the probe head. Alignment of the focused laser 
beam to the tip-sample gap was performed under the 
optical CCD microscope by observing the diffraction light 
from the tip. The incident angle of the external laser beam 
is adjustable between 0 ~ 45°. We controlled the incident 
angle to be about 0°, so as to reduce direct incidence of the 
laser beam on the sample surface and to prevent the laser- 
induced damage to the cantilever as well. AFM images 
were taken using the same tip after fabrication. The 
fabrication and imaging process were controlled by 
nanofabrication software. 

gold films, was created using mechanical mask. The film 
thickness is 50 nm. 

3. Results and discussion 

Figure 2 shows an AFM image of a 2x2 dot array 
created at 1 to 4 laser pulses respectively as labeled in the 
figure. The laser intensity is about 80 MW/cm2. AFM 
image was taken immediately after the fabrication with the 
same tip. The depths of the pits were measured as the 
peak-to-valley height of the pits in the direction normal to 
the laser incidence. Considering the roughness of the 
sample surface, we measured the depth from both sides of 
the pits and used their mean value as the "measured 
depth". These pits have different measured depths ranging 
from 4 to 10 nm, and diameters from 28 to 40 nm. 
Protrusion was observed around the dots, which implied a 
thermal mechanism. The enhanced near field at the tip 
apex locally heats the gold film underneath the tip. And 
the tip force easily creates a dot on the softened sample 
surface. During our experiment, the tips did not show any 
severe distortion or wear and was in good working 
condition. 

Mirror 

Position Detector 

Fig. 1 Schematic diagram of the experimental setup. 

Gold films were used in the study. The films were 
deposited on n-type Si substrates by physical vapor 
deposition (PVD) method. STM imaging on the gold films 
showed the grain size of the gold films is approximately 
30 nm. A step between the film surface and the substrate 
surface, which was used to measure the thickness of the 

Unit: Puise{s) 

A. 
1C0-D 

tfjft" 
9F 

Fig. 2 An AFM image of a 2x2 dot array created on gold 
film at 1 to 4 laser pulses, at laser intensity of 80 MW/cm2 

The relationship between measured depth and the pulse 
number under different laser intensity is shown in Fig.3. 
The measured depth increases with laser pulse number 
steadily at first. After several pulses, the curve shows a 
tendency to saturate. 
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Fig. 3 Relationship between measured depth of the pits 
and laser pulse number 

Under laser irradiation, the tip acts as a receiving 
antenna to collect incident laser energy and then as a 
transmitting antenna to form an enhanced field underneath 
the tip apex. This field decays rapidly at a small distance. 
Only when the laser irradiation illuminates the tip apex, an 
enhanced near field can be introduced to affect the sample 
surface (Fig. 4(a)). After several laser pulse shots, a crater 
with outburst is created. The tip sinks to the sample 
surface to maintain the tip force in constant. Thus laser 
irradiation is prevented from reaching the tip apex, 
resulting in the reduction of the near field. As the field 
affects the sample surface less, the curve saturates. 

surface, so that the heating effect on the sample surface 
can be neglected. Curve A shown in Fig. 6 has a linear 
relationship between pit depth and laser intensity as well. 
The thermal expansion of the tip was calculated versus 
laser intensity, as shown by curve B in Fig. 6. Comparison 
between the curves A and B shows that laser-induced 
thermal expansion cannot be neglected for nanosecond 
pulsed laser and the mechanism is based on thermal 
mechanical indention with the laser heated STM tips [5]. 
Similarly, we deduce that the AFM tip expends at the laser 
irradiation and penetrates into the sample surface. 
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Fig. 5. Dependence of measured depth of the pits on laser 
intensity by fabrication with AFM tips 
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Fig. 4 Schematic diagram of the tip status under laser 
irradiation (a) At the beginning of pulsed laser shots (b) 
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The dependence of measured depth on laser intensity is 
shown in Fig. 5. The curve has a linear relationship 
between measured depth and laser intensity, which is 
coincident with our result of nano-fabrication by a STM 
tungsten tip under the same circumstances. In the STM 
case, the laser beam is almost in parallel with the sample 

Fig. 6 Dependence of measured depth of the pits on laser 
intensity by fabrication with STM tip 

The relationship between the measured depth and the 
tip force is shown in Fig. 7. The measured depth increases 
with tip force. The dependence is almost linear. The dots 
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were still observed when the tip force is below zero that an 
attractive force is applied. This could be another evidence 
that mechanical contact took place: the tip extends and 
penetrates into the sample surface. 
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Fig. 7 Relationship between measured depth of the pits 
and tip force 

We also made a ditch using the pulsed Nd:YAG laser, 
as is shown in Fig. 8. In order to obtain this continuous 
line, the scan rate of the tube scanner must be slow 
enough. The laser repetition is 9 Hz and the scanning 
speed is 0.08 Hz, laser intensity is 90 MW/cm2. The width 
of the line is about 100 nm; the measured depth is about 11 
nm. 

A 
Viii 

4. Conclusions 

The nanofabrication process under Si AFM tips in air 
ambient was investigated. A 2x2 dot array was created 
using a Nd:YAG pulsed laser that has a duration of 7 ns 
and a maximum repetition of 10 Hz. The crater-like pits 
were measured 28 to 40 in sizes and 4 to 10 in measured 
depths. The relationship between the feature size of the 
craters and several considerations were investigated that 
the size of the pits increases with the pulse number, pulse 
energy and the tip force. The fabrication is based on field 
enhancement near the tip apex and mechanical indentation 
of the tip under laser irradiation. The experiments show 
that laser combined field enhancement underneath an 
AFM tip can be effectively used to fabricate on gold films 
in nanometer scale. 
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In the present work, laser surface annealing has been applied to an age-hardened Ni base super alloy 
Inconel 718 using a 2.5kW C02 laser to improve its performance in hydrogen environment. Laser surface 
annealing can produce a locally solutionized zone at the surface of Inconle 718. In the solutionized zone 
the age precipitates of y' and y" are dissolved in the matrix, and thereby the hardness of the solutionized 
zones is reduced to below 250Hv from approximately 450Hv of the aged base metal hardness. The sur- 
face softened zones having several hundred micro meters in depth can be obtained without melting the 
treated zone by controlling the laser parameters, i.e. the defocus distance and traverse speed. Having 
much greater ductility than the aged base metal in hydrogen environment, the surface softened zones can 
effectively prevent hydrogen induced cracking, which tends to occur at the surface of a stress concen- 
trated region. In the present case, the ductility of the surface annealed specimen is almost twice that of the 
base metal in a tensile test under a 29.4MPa hydrogen atmosphere at room temperature with hydrogen 
pre-charging. Since a controlled laser irradiation can precisely and locally anneal the surface of a stress 
concentrated region where hydrogen induced cracking is liable to occur, a sacrifice of strength of the 
structure caused by the surface softening is negligible. 

Keywords: Ni base super alloy, Inconel 718, laser surface annealing, local solutionizing, hydrogen in- 

duced cracking. 

1. Introduction 

An age-hardened Ni-base superalloy, Inconel 718, is 
strengthened by homogeneously precipitated y' and Y" phases 
[1]. This alloy has high strength at moderate temperature, good 
creep and fatigue resistance [1]. However, since the alloy is 
fairly sensitive to hydrogen embrittlement, preventing crack- 
ing or failure induced by hydrogen embrittlement is important 
in using the alloy under environment including hydrogen, for 
example, in a liquid hydrogen fueled rocket engine [2-4]. 

The alloy in the solution treated state is expected to be 
less sensitive to hydrogen embrittlement, because its strength 
and hardness are significantly lower than those in aged state. 
However, the solutionized alloy may not be suitable for use as 
a structural material because of its low strength. Generally, 
hydrogen-induced cracking often occurs in stress concentrated 
regions in the structure. Thus, if only the stress concentrated 
region can be softened by locally annealing, hydrogen crack- 
ing can be effectively prevented with little sacrifice of strength 

of the structure. A laser beam is feasible as a heat source for 
this local annealing because of its high controllability and high 
energy density. 

From this point of view, in the present work a 2.5kW C02 
laser was applied to surface annealing of Inconel 718. First, 
the laser process parameters that provided surface solution- 
ized zones without melting the surface were obtained. Next, 
an effect of the surface softening on hydrogen embrittlement 
of Inconel 718 was investigated by means of a tensile test un- 
der a high pressure hydrogen environment using the laser sur- 
face solutionized specimens. 

2. Experimental procedure 

Two commercial heats of Inconel 718 whose chemical 
compositions are listed in Table 1 were used in this work. 
Inconel 718A and 718B were supplied as a 4mm-thick plate 
and a lOmm-diameter bar, respectively. Heat treatments for 
the alloys are solution annealing of 3.6ks at 1243K-oil quench- 

Table 1 Chemical compositions materials used. 

Ni Cr          Fe       Nb+Ta    Mo     Ti      Al      Co Mn Si Cu C 

Inconel 718A 
Inconel 718B 

52.55 
52.57 

18.50      18.40       5.12     3.02   0.98   0.42   0.43 
18.47      18.40       5.14     2.95   0.99   0.39   0.34 

0.15 
0.16 

0.08 
0.08 

0.04 
0.04 

0.04 
0.04 
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ing and two-step aging of 28.8ks at 993K-28.8ks at 894K-air 
cooling. The materials subjected to only the solution anneal- 
ing are denoted as solution materials. The materials subjected 
to the solution and the two-step aging treatments are denoted 
as aged materials. 

A 2.5kW C02 laser was employed to anneal the surface of 
the aged Inconel 718A plates. Before the laser processing, the 
surface of the plates was polished using #400 emery paper 
and cleaned with acetone. The surface was irradiated by the 
laser beam at a constant laser power of 2.5kW. Traverse speeds 
were varied from 3.33 to 250mm/s. The positions of the focal 
point were also varied, namely 10, 20, 30 and 40mm above 
the surface (denoted as DM0,20,30 and 40mm, respectively). 
The depths of the laser annealed regions were measured on 
polished and etched cross-sections with an optical microscope. 
Vickers hardness measurements of the laser annealed regions 
were made on the cross-sections from the surface to the bot- 
tom at every lOOum using a load of 1.96N. Transmission elec- 
tron microscopy (TEM) observations were performed using a 
200kV transmission electron microscope. 

The tapered bar specimen of Inconel 718B shown in Fig. 
1 was used for the hydrogen embrittlement test. The middle 
10mm of the specimen was subjected to the laser surface an- 
nealing treatment. One side of the specimen was clamped in a 
jig and rotated at a constant speed. The rotating specimen was 
irradiated by the laser beam using a laser power of 2.5kW and 
Df=20mm. Thus, a single-track laser solutionized zone was 
produced. A laser solutionized zone of 10 mm in length was 
made by ten overlapping tracks, each track overlapping a pre- 
vious track by 1mm. 

The hydrogen embrittlement tests were performed on the 
solution, aged and laser surface annealed specimens. The speci- 
mens were tensile tested in an autoclave under a hydrogen 
atmosphere of 29.4MPa pressure at room temperature using a 
cross head speed of 1.67x103mm/s. There were two cases of 
treatments for the specimens before testing, namely with and 
without hydrogen pre-charging. The hydrogen pre-charging 
was carried out under a hydrogen pressure of 25MPa for 7.2ks 
at 800K. Thus hydrogen was absorbed into the specimen by 
the hydrogen pre-charging. 

Unit:mm 

Fig. 1 Shape of hydrogen embrittlement test specimen. 

3. Results and discussion 

3.1 Hardness distribution and microstructure 
In the laser surface annealing, too much heat input resulted 

in surface melting. As mentioned later, to obtain surface solu- 
tionized zones without melting the surface, laser parameters, 
namely defocus distance and traverse speed in the present case, 

should be properly selected. Figure 2 shows a typical laser 
surface solutionized zone (LSSZ) produced on the Inconel 718 
alloy surface. TEM observations revealed that the superlattice 
reflections due to the presence of the age precipitates [5, 6] 

TEM micrograph of 
Laser surface 
solutionized zone 

Fig. 2 Microstructures of laser surface solutionized zone 

(Defocus distance: 20mm, traverse speed: 16.7mm/s). 

500 

0       100     200     300     400     500     600 
Distance from surface  (pm) 

Fig. 3 Hardness distribution across the laser surface solu- 

tionized zone. 
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were not observed in the LSSZ. Hence, in this region, the age 
precipitates are found to be dissolved in the matrix owing to 
heating and subsequent rapid cooling by the laser annealing. 

Figures 3 shows the hardness distribution across the LSSZ 
presented in Fig. 2. The hardness of the surface region whose 
depth was approximately 250um was reduced to below 250Hv 
from 450Hv of the base metal hardness. This surface softened 
region coincide almost exactly with the lightly etched LSSZ 
in Fig. 2. Thus, the softened regions could be produced at the 
surface of the aged Inconel 718 without melting by laser sur- 
face annealing. 

3.2 Optimum laser process conditions 
Figure 4 shows depths of the melted and solutionized zones 

plotted against traverse speed for different values of Df. The 
LSSZ without melting were obtained in certain ranges of 
traverse speed, which were 167 to 250mm/s for Df=10mm, 
16.7 to 50mm/s for Df=20mm, 6.67 to 16.7mm/s for Df=30mm 
and below 3.33mm/s for Df=40mm. Lower traverse speeds 
than these ranges resulted in formation of the surface melted 
zones except for Df=40mm where no melted zone was pro- 
duced in this experiment. With higher traverse speeds than 
these ranges, no visible solutionized zones were obtained. Fig- 
ure 4 also includes a map indicating the laser process condi- 
tions that provide the LSSZ without melting. Too small Df or 
too low traverse speed results in too much heat input into the 
surface regions, causing melting the surface. In contrast to 
this, too large Df or too high traverse speed results in insuffi- 
cient heat input to produce LSSZ. The proper ranges of traverse 
speed for producing the surface solutionized zones shift to 
slower speeds with increasing Df. Laser process conditions to 

obtain desirable depths of the LSSZ can be selected using the 
map in Fig. 4. 

33 Hydrogen embrittlement test 
Figures 5 show the tensile strengths obtained in the ten- 

sile tests without hydrogen pre-charging. While the tensile 
strength of the solution specimen was somewhat lower in a 
hydrogen atmosphere than in air, hydrogen had no effect on 
the tensile strengths of the aged and surface solutionized speci- 
mens. The strength of the surface solutionized specimen was 
approximately 13% lower than that of the aged specimen. This 
is caused by the surface softened zone of the former. How- 
ever, in an actual structure, the volume of the softened region 
will be negligibly small in comparison with the volume of the 
structure. Therefore, a sacrifice of strength of the structure 
caused by the surface softening will be also negligible. 

Figure 6 shows the ductility obtained in the tensile tests 
with and without hydrogen pre-charging. In the tests without 
hydrogen pre-charging, the ductility in a hydrogen atmosphere 
was significantly lower than in air for all three kinds of the 
specimens. However, while the reduction of the surface solu- 
tionized specimen was equivalent to that of the aged one in 
air, the former was 1.5 times the latter in a hydrogen atmo- 
sphere. This value corresponded to that of the solution speci- 
men. Thus sensitivity of the surface solutionized specimen to 
hydrogen embrittlement was comparable with that of the so- 
lution specimen. In all the three specimens, fracture initiated 
at the specimen surfaces in a hydrogen atmosphere. This means 
that sensitivity of the surface regions to hydrogen embrittle- 
ment governs the fracture of the specimens. Therefore, the 
softened surface region in the surface solutionized specimen 

Surface melting 
\ Surface solutionizing 

No solutionized zone 

10 100 
Traverse speed  (mnvs) 

Fig. 4 A diagram describing laser surface annealing of Inconel 718. 
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should lead to higher resistance to hydrogen embrittlement 
than in the aged specimen. 

In the tests without hydrogen pre-charging, hydrogen in- 
sufficiently diffuses into the specimen center. In the structures 
under corrosive service conditions, hydrogen will be absorbed 
beyond the surface softened region. Therefore, hydrogen pre- 
charged tensile tests were carried out to investigate if the sur- 
face softening is effective to hydrogen embrittlement when 
hydrogen is absorbed to the specimen center. In Fig. 6 the duc- 
tility of the aged and surface solutionized specimens with hy- 
drogen pre-charging is also indicated. In this experiment, the 
laser surface solutionized specimen treated with a traverse 
speed of 25mm/s was used. The reduction of the surface solu- 
tionized specimen was almost twice that of the aged speci- 

As-solution     Aging Laser surface 
solutionizing 

Fig. 5 Tensile strength obtained in the tensile tests with- 
out hydrogen pre-charging. 

£ a 
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Fig. 6 Ductility obtained in the tensile tests with and 

without hydrogen pre-charging. 

men. This value is comparable to that in the tensile test with- 
out hydrogen pre-charging, while hydrogen pre-charging sig- 
nificantly reduced the ductility of the aged specimen. In the 
aged specimen, the fracture was initiated in the vicinity of the 
specimen surface. However, in the laser surface solutionized 
specimen, the fracture initiation site was inside the specimen. 
Since the surface solutionized region is softer and thereby less 
sensitive to hydrogen embrittlement than the specimen inside, 
the initiation of hydrogen cracking in the surface region can 
be prevented. This delay of the crack initiation causes the in- 
crease in the ductility of the surface solutionized specimen. 

It is revealed from these results that laser surface anneal- 
ing effectively improve the resistance to hydrogen embrittle- 
ment in Inconel 718. Since a controlled laser irradiation can 
precisely and locally solutionize the surface of a stress con- 
centrated region where hydrogen induced cracking is liable to 
occur, laser surface annealing can prevent such cracking in 
Inconel 718. 

4. Conclusions 

1) In laser surface annealing of Inconel 718, selecting proper 
laser parameters, defocus distance and traverse speed, could 
produce surface solutionized zones, where the age precipi- 
tates of Y' and y" were dissolved in the matrix, without 
melting the treated zones. The hardness of the surface solu- 
tionized zone decreased to below 250Hv from 450Hv of 
the aged base metal. 

2) The depths of the surface solutionized zones increased with 
the defocus distance. The surface solutionized zone with 
more than 1mm in depth was obtained without melting in a 
defocus distance of 40mm and a traverse speed of 3.33mm/ 
s. A process map indicating the laser parameters to provide 
surface solutionized zones without melting was obtained. 

3) In hydrogen embrittlement tests both with and without hy- 
drogen pre-charging, the surface solutionized specimens 
showed higher ductility than that of the aged specimens 
under a 29.4MPa hydrogen atmosphere at room tempera- 
ture. This is because the surface solutionized zones are less 
sensitive to hydrogen embrittlement than the aged base 
metal. 
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The needs to quantity and quality of cold-rolled steel sheets demanded its fine surface quality. 

Some efficient methods of surface measurement are introduced to construct a surface quality 

controlling system. Through theoretical analysis and large amount of experiments, the basic 

relationship between surface topography and process parameters can be established and the optimal 

parameters can be got to instruct to obtain more ideal surface of roller and steel sheet. 

Keywords: laser texturing, surface quality control, 3D topography measurement, optimization of process 

1. Introduction 

The needs to quantity and quality of cold-rolled steel 

sheets are gained as the rapid growing of automobile and 

household appliance industry. Steel sheets are demanded not 

only having good physical performances but also having 

fine surface micro-topography characteristics, which affects 

directly the performances of application. However, 

topography of steel sheet's surface comes from that of 

textured roller. Thus, it is very important to control the 

texturing process in order to control the surface quality in 

turn. 

2. Laser-textured surface measuring and quality 

controlling system 

Aiming at the special measuring conditions of roller and 

steel sheet, which have rough surface and large range of 

measurement, we design our own measuring devices based 

on the scanning white light interferometry(SWLI) method1'1 

and the triangular light beam scanning method(TLBS). 

As shown in Fig.l, the laser-textured surface quality 

measuring and controlling system can be constructed based 

on these two profilers. On the one hand, the surface 

characteristic parameters can be got through measurement of 

j      Process 
i   ofLasertex 

Equipment 
Based on 

TLBS method 
t^SaBSHPBHPBHBBfBSBRRä 

+ 
Quality 

Assessment 
of Roller 

Comparison 
And 

Analysis 

IRoller Cold 
Rolling 

Steel 
Sheetp 

Equipment 
Based on 

SWLI method 

Quality 
Assessment 

of Steel Sheet 
WffWM^ 

High-quality 
Steel Sheets 

Comparison 
And 

Analysis 

Search 
Optimal 
Process 

! 

Fig.l Constituent of laser texturing surface quality measuring and controlling system 
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laser-textured roller's surface. According to theoretic 

deduction and experiments, the corresponding relationship 

between process parameters and topography will be 

acquired to get optimal parameters and ideal surface of 

textured roller. On the other hand, after cold-rolled process, 

the surface characteristic parameters can also be got through 

measurement of topography of steel sheet's surface based on 

the SWLI profiler. Next, the comparison and analysis 

between excellent surface and them can be applied to find 

gap and deduce inversely to the surface of roller. Moreover, 

laser-texturing process can be instructed through analysis 

and application of the optimal process parameters. 

Obviously, this kind of idea meets the future trend of the 

development of surface topography measurement, namely 

measurement instructs machining. 

3. Requirements of topography of laser-textured 

roller and steel sheets 

3.1 Requirement of topography of cold-rolled steel sheet 

The most instance of laser-textured steel sheets is to used 

as the shell of high-grade automobile and electric appliance. 

So it is demanded fine visual effect and its surface must has 

fine lacquer quality. In order to prolong the operating life, it 

still should have fine wear-resistance and scratch-resistance 

quality. In addition, fine deep-punching quality is also 

required in the process of molding manufacture, especially 

punching. 

As for the fine lacquer quality, it is demanded that the 

fluctuation of surface should change frequently and there is 

large quantity of craters to contain paint. That is to say, the 

surface should have big peak-value density, such as value of 

PPI(Peaks Per Inch) or PC(Peaks Count), from the point of 

quantification. The bigger the value of PPI, the better the 

lacquer quality and the greater the bounding capacity 

between the film coating and the base material. 

Fine wear-resistance and scratch-resistance quality 

demand fine lubricating property of surface, which requires 

that the surface should hold large amount of pits to contain 

lubricant and to collect small pieces of metal particles in 

order to avoid scratching the surface. Besides, the regular 

and isolated distribution of craters does good to improve the 

deep-punching quality. During the process of deep punching, 

the lubricant hold in craters will take effect to lubricate. But 

when the pressure rising at some position, lubricant will be 

pushed away, which will affect the lubricating effect. 

Therefore, related isolated distribution does good to make 

lubricant hold enclosed state under pressure and form a 

buffer between steel sheet and tool to insure the lubricating 

effect in stressed zone. 

To sum up in a word, the requirements to laser-textured 

steel sheet can be concluded as large quantity and isolated 

distribution of craters. 

3.2 Requirements of topography of laser-textured roller 

In fact, the laser-texturing process is very complex and 

involves several disciplines such as thermotics, 

hydromechanics, metallurgy etc. Fig.2 shows the schematic 

figure of it and Fig.3 shows the section of crater formed. 

Focus head 

2 2\ r 
WMMWM   m^fyy^   WM&MW-  S^W 

Fig.2 Schematic diagram of laser texturing process 

Harden Are,"  -r^\ /!»> 

Base Body        ^SffiS^Thermal Affect Area 
Fig. 3 Cross section figure of crater processed by laser texturing 

As shown in Fig.4, in the course of rolling, the rigid 

convex flange embeds the steel plate and a concave pit will 

be formed on the surface of plate. Part of the plate's surface 

material will flow into the crater of roller under pressure and 

the related convex boss will be formed. Apparently, the 

topography of steel sheet will be isolated circular concave 

pit around regular-arranged convex flange and fits for the 

requirements of steel sheets mentioned above; In addition, 

this kind of shape benefits to improve rolling condition. On 

the one hand, the friction between roller and steel sheet is 
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Fig.4 Relationship between laser textured roller 
and steel sheet when rolling 

increased due to occlusion between them, which reduces the 

possibility of sliding and even abrasion. On the other hand, 

the lubricant in isolated crater will not be easy to flow away 

although there is pressure between roller and plate. Keeping 

fine lubricant condition even under high-pressure make the 

surface of roller and plate separate and does good to the 

rheology of plate when rolling and avoids adherence 

between roller and plate. 

In conclusion, the requirements to the crater of laser- 

textured roller can be specified as follows: regular and 

isolated distribution of craters; big value of Ra; suitable 

height and width of flange outside of crater; high hardness 

and wear resistance of flange. 

4. Surface quality control of laser-textured roller 

4.1 Effect of process parameters to topography of roller 

Because controlling of topography of laser-textured 

roller should be realized through changing process 

parameters of laser texturing, the effects of these parameters 

to machining must be understood clearly. The laser-textured 

process parameters include mainly laser power, laser pulse 

waveform (pulse width, peak pulse power), group frequency, 

rotary speed of roller, shifting speed of focusing head etc. In 

addition, the aided gas has also some effect on the 

machining result. 

Fig.5 shows the 3D surface topography of laser-textured 

roller under condition of different LP with P,<P2<P3<P4. As 

shown in Fig.5-a) and Fig.5-b), it is obvious that the depth 

of crater and the height of flange is lower when the LP is 

lower. The shape of crater is apparently not ideal and the 

roughness is small. When the LP is increased, the depth and 

height of flange will increase and the shape of crater 

becomes relatively ideal as shown in Fig.5-c). But if the LP 

is increased continuously, the gasification phenomenon 

becomes more seriously. And the flange is decreased and 

even not to be formed as shown in Fig.5-d). Thus, the 

adjustment of laser output power should be appropriate. 

a) Laser power = P, b) Laser power =P2 

c) Laser power =P, d) Laser power =P4 
P,<P2<P3<P< 

Fig.5    Effect of laser power to topography of textured roller 

There are definite relationships among laser power {LP), 

pulse width (PW) and peak pulse power (PPP). Under the 

condition of constant value of the LP, the PPP will be 

decreased if the PW is increased. So the PPP should be 

controlled within definite range. If it is too high, gasification 

phenomenon caused by application of laser beam on roller 

will be serious and flange will be relatively lower and even 

not formed under the condition of same depth of crater. In 

order to stack flange around concave pit as high as possible, 

the PPP should be reduced and the surface can reduce to be 

gasified. 

Fig.6 shows the 3D surface topography under condition 

of different pulse frequency with the same laser power and 

the frequency of fj>f2. Thus, if the LP is the same, the 

smaller the width of pulse, the bigger the peak pulse power. 

The result is that the gasification phenomenon becomes 

serious and the shape of crater will be not ideal. Fig.6-b) 

shows that the shape of the flange is not perfect. So the 

selection of pulse frequency, pulse width and laser pulse and 

the coordination of them are very important and also very 

complex. We need to acquire the optimal parameters 

through theoretic analysis and large amount of experiments 
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Fig. 6   Topography of roller under different points 
distribution and laser pulse frequency 

on the base of ideal 3D surface topography of roller. 

The group frequency (GF) can be defined as the laser 

pulse number acted on the surface of roller. Improvement of 

pulse number, therefore, can be applied to improve energy 

density on unit area. 

The rotary speed of roller and focusing head shifting 

speed will affect the distribution regularity and the degree of 

regularity of craters on the surface of roller directly. The 

controlling precision can be guaranteed by the precision of 

machine body and numeric system. 

In order to increase the height of flange, the blowing of 

aided gas can be used to diffuse the molten metal. The 

conditions of aided gas include pressure, direction and type. 

The pressure must be controlled within a range. Low 

pressure will have little effect, but over pressure will lead to 

splashing of melt metal and stack them outside of crater. The 

direction of blowing will also affect the textured surface. An 

acute angle between direction of airflow and rotation of 

roller seems to result in ideal crater and high value of 

roughness, and an obtuse angle, however, will lead to 

serious splashing of melt metal. In addition, the type of 

aided gas also has effect on machining result. Under the 

condition of same laser parameters and with the blowing of 

oxygen, the depth of crater will increase but the flange will 

be low, which results in shallow crater and high flange on 

the surface of steel sheet. With blowing of hydronitrogen, 

roughness, however, will be decreased and the gasification 

phenomenon will be reduced apparently and the flange will 

be increased. 

Fig.7 shows that the effect of aided gas's pressure to 3D 

topography of roller with P,<P2. It is obvious that 

decreasing pressure can increase the height of flange. 

a) Pressure of aided gas = P,       b) Pressure of aided gas = P2 

Fig.7 Effect of aided gas pressure to 3D topography of roller 

4.2 Methods to improve quality of laser-texturing 

To sum up mentioned analysis above, the following 

methods can be applied to control the surface quality of 

laser-textured roller: properly selecting LP, PW and PPP to 

control the shape of crater; precisely controlling the speed of 

roller and focus head shifting to control distribution of crater; 

properly selecting type of aided gas and direction of it to 

control surface topography. 

But the process of laser texturing is actually a very 

complex one. So it is difficult to create a definite 

mathematical model between machining process and surface 

topography and to control the shape of crater precisely 

through selecting proper process parameters. The feasible 

means is to adapt the mode of experiment proof combined 

with theoretic analysis. Under the instruction of laser- 

texturing theory, different surface topography under 

different process parameters can be acquired through large 

amount of process experiments. Through comparison and 

analysis of them, the optimal process parameters can be got 

and set to texture ideal surface topography of roller. 

5.  Conclusion 

In conclusion, it is very important to measure the surface 

3D topography of roller and steel sheet, because it provides 

a means to embody the machining quality and instruct 

machining process in turn. Through theoretic analysis and 

experiment can we acquire optimal process parameters to 

improve surface quality of steel sheets. 
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Thermohydrodynamics Analysis on the Mechanism of 
Bump Formation in Laser Texturing 
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Laser texturing on a hard disk for a computer has been already used practically, but the mechanism 
of bump formation has not been elucidated yet. The purpose of this study is to elucidate the mecha- 
nism of bump formation in laser texturing by thermohydrodynamics analysis. Latent heat of evapora- 
tion, movement of gas and liquid interface, evaporation recoil pressure, Marangoni force that depends 
on temperature gradient and the surface tension are considered. The VOF (Volume of Fluid) method is 
used for the analysis of behavior of the free surface. Obtained results are as follows: (1) The down- 
ward flow is generated in the molten pool by the evaporation recoil pressure, and then it induces the 
outward flow in the radial direction. (2) After laser irradiation is stopped, the downward flow at the 
center of the molten pool and the outward flow in the radial direction are kept. Therefore, the center of 
the molten pool surface is lowered and the surface rises around the hole, that is, a bump is formed. (3) 
When the temperature coefficient of surface tension is negative, Marangoni force is most effective to 
the surface rise when the resolidification starts outside of the bump. 

Keywords: computer simulation, thermohydrodynamics, laser texturing, bump, evaporation recoil 
pressure, molten metal flow 

1. Introduction 

Laser texturing of a hard disk for a computer is one of the 
most popular industrial applications of laser precision mi- 
crofabrication [1]. In this technology, a short pulse YLF 
laser is irradiated to the CSS zone of a hard disk and many 
fine bumps are formed. CSS zone is the area where the 
magnetic head lands when a hard disk stops. The height of 
bumps is about 10 to 20 nm. Elucidation of the bump for- 
mation mechanism is indispensable for reliability improve- 
ment of laser texturing. 

It may be guessed that molten metal flow accompanied 
with evaporation due to laser irradiation will be deeply con- 
cerned with the bump formation. There are many subjects 
that should be solved in the modeling and numerical calcula- 
tions when such melting phenomena are analyzed. One of 
them is treatment of the free surface of molten metal. Pur- 
poses of this study are as follows: (1) Mathematical model- 
ing of molten metal flow accompanied with evaporation due 
to laser irradiation. (2) Establishment of numerical calcula- 
tion method by applying the VOF method [2] to thermohy- 
drodynamics analysis of free surface problem. (3) Elucida- 
tion of bump formation mechanism in laser texturing, pay- 
ing attention to the evaporation recoil pressure and Maran- 
goni force. 

2. Method of analysis 

2.1 Analysis model 
Considering the estimation results of physical quantities 

concerned with evaporation [3], the present analysis model 
can be expressed by Fig. 1. The model is axisymmetric. 
The r axis is taken in the direction of radius and the z axis 
is taken in the direction of depth. Fundamental equation in 
the solid phase is heat conduction equation. Fundamental 
equations in the molten metal are the equation of continuity 

Free surface 
(Movement of gas- 

liquid interface 
Evaporation recoil 

pressure 
Marangoni force 
 ► r Eq. of continuity 

Navier-Stokes Eq 
Energy Eq. 

Heat conduction Eq 

Molten metal I 

Solid phase 
z Workpiece 

Fig.l   Analysis model 
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Navier-Stokes equations 

du       du      du        1 dp 
— + u — + v — = + rj 
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(3) 
and energy equation 

pc 
dT       dT dT 

+ u + v 
dt        dr       dz r dr I        ör dz[     dz 

+ Q, (4) 
where u and v are velocity in the r and z directions, re- 
spectively, and t is time, p pressure, r\ kinetic viscosity 

coefficient, p density, c specific heat, g gravitational 

acceleration, ß coefficient of cubical expansion, T tem- 

perature, TM melting point and Q heat generation per unit 

volume per time. 
At the free surface, the movement of gas and liquid inter- 

face is expressed by 

(5) 
ar     , dR 

q + K—=plB- 
dn dt 

where R is radius of curvature at gas and liquid interface 
and d/dn is inner normal derivation. Evaporation recoil 

force is given by 
fv = mvvT, (6) 
and Marangoni force, which depends on temperature gradi- 
ent, is given by the following equation [5]: 
dT dy        dus 

- = M^, (7) 
ds dT dn 

where y, p are surface tension coefficient, viscosity coeffi- 

cient, respectively, d/ds is tangential derivation and sub- 

script 5 shows that its value is taken on surface. 

2.2 Treatment of free surface 
As approach to treat free surface in numerical fluid dy- 

namics, MAC method and VOF method are known well. In 
MAC method, marker particles are put on the free surface. 
Geometry change of free surface can be understood by fol- 
lowing the movement of marker particles. But MAC 
method may be complicated when we treat the movement of 
gas and liquid interface accompanied with evaporation and 
decrease of volume. Therefore, in this study, we apply the 
VOF method. In VOF method, the function F is defined, 
that means the volume fraction of liquid phase physically. 
And its transport equation is given by 

dF    dFu    dFv 
— + + = 0 (8) 
dt      dx       dy 

for incompressible-fluid. 
By the way, VOF method was proposed to analyze flow 

of fluid at an uniform temperature. In our problem, there is 
temperature distribution in the molten pool. Therefore we 
must derive the energy equation considering the function F . 

If we take an arbitrary closed surface in the fluid contains 
free surface, the equation 

pc—C FTdV = f FKWTdS - pcfs FTundS        (9) 

is derived from the energy conservation law. That is, energy 
increase in the region V is equal to the inflow energy from 
boundary S , which is given by the sum of heat conduction 
and enthalpy transportation. Considering Gauss theorem, 
we obtain 

JK 
pc^~ -V -(FKVT)+ pcV ■ FTu 

dt 
dV = 0. (10) 

+ pcV-FTu = V-(FKVT) (11) 

Here V is arbitrary, and then the integrand must be zero, 
therefore, the equation 

dFT 
pc  

dt 

is obtained, 
pressed by 
dF 

Transport equation of the function F is ex- 

dt 
+ V-Fu = 0, (12) 

as shown in Eq. (8). Accordingly, the energy equation con- 
sidering the function F is obtained as 

F— + FU-VT=—V-(FKVT). (13) 
or pc 
In numerical computations, the staggered mesh is used 

here and the above-mentioned equations are approximated 
by the finite difference equations. 

3. Analysis results and discussions 

3.1 Transition of surface profile 
Figure 2 shows the change of surface profile of alumi- 

num due to the laser irradiating condition shown in Table 1. 
The z axis is magnified 40 times of the r axis. Maximum 
temperature reaches boiling point at time about 10 ns. Cen- 
ter of the surface becomes hollow in concave after evapora- 
tion stats. The average velocity of the movement of gas and 
liquid interface in about 5 ns before stopping laser irradia- 
tion is about 9 m/s, which is relatively large. This is caused 
by both evaporation and evaporation recoil pressure, and 
effect of the latter is more remarkable. We cannot see the 
surface rise around the hole during laser irradiation. The 
center of surface continues to descend downward until the 
time 55.35 ns when resolidification of the molten metal is 
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Fig. 2 Transition of surface profile 

Table 1   Laser irradiation condition 

Laser power 425 W 
Pulse width 15 ns 

l/e2 radius 15 ^m 

Absorptivity 0.3 

completed. The bump is formed after stopping laser irradia- 
tion. 

3.2 Transition of molten metal flow 
Temperature distribution and flow of molten pool at time 

15, 30 and 45 ns are shown in Fig. 3. Temperature is shown 
by the gray scale. The dots show the grid points whose 
temperature is above melting point. Velocity of flow is 
shown by a vector. The length of a segment is magnitude of 
the velocity. During laser irradiation, the downward flow is 
generated in the molten pool by the evaporation recoil pres- 
sure, and then it induces the outward flow in the radial 
direction. On the other hand, the outward flow is generated 
at the surface area of radius 5 to 6 fim from the center of the 
laser beam, because the temperature gradient is steep at this 
area and Marangoni force is the largest. The surface rise 
around the hole during laser irradiation is very small, be- 
cause it is compensated with the mass loss by evaporation. 

After laser irradiation is stopped, the evaporation recoil 
pressure does not occur of course, but the downward flow at 
the center of the molten pool and the outward flow in the 
radial direction are kept. Therefore, the center of the molten 
pool surface is still lowered. The downward velocity of the 
gas and liquid interface is about 2.3 m/s, which is about one 
fourth of the velocity in evaporation period. The outward 
flow forms a semi-doughnut-shaped rise around the hole, 
that is, the bump is formed, because evaporation does not 
occur now. Marangoni force acts to draw the surface of the 
molten pool in the radial direction, because the temperature 
coefficient of surface tension for aluminum is negative. 
Therefore Marangoni force is most effective to the surface 
rise when the resolidification starts outside of the bump. 
The surface generation process accompanied with evapora- 
tion above mentioned is shown schematically in Fig. 4. 

Q. 

o 2-1 

4 6 8 

Radius ^m 

(a) time 15 ns 

10 12 

E a. 
sz 
Q. 
CD 
Q 

I ^!§^llll?r7 : : : 

2L| 

4 6 8 

Radius j/m 

(b) time 30 ns 

10 12 

Radius pm 

(c) time 45 ns 

500     1000    1500   2000   2500 
Temperature K 

Fig. 3 Transition of molten metal flow 

Velocity 

5 m/s 

>_ .2 
<B ~      Melting 

CD. 
Marangoni force 

CD ™—^ CO .—— 

« <°. "2 D.     __^ _l  CO 
co 

Evaporation                  Solid-liquid interface 
*~~"   Recoil pressure L li»_ 

Fig. 4 Schematic sketch of transition of surface profile 

3.3 Effect of Marangoni force 
Figure 5 shows an optical microscopic photograph of 

bumps on a hard disk and a measured result of the surface 
profile obtained by AFM. In this case, the bumps are gener- 
ated on a NiP film on aluminum substrate. Therefore, the 
target material is not pure aluminum, but the surface profile 
is almost the same as the present analyzed result. Strictly 
speaking, we can see a small concave round the remarkable 
semi-doughnut-shaped surface rise and a very small surface 
rise around the concave. 
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Fig. 6 Change of surface profile under various dy/dT 

Using various values for the temperature coefficient of 
surface tension dy/dT , the thermohydrodynamics analyses 
were carried out. The results on surface profile and transi- 
tion of bump height are shown in Figs. 6 and 7, respectively. 
When dy/dT is positive, a small concave is generated 
around the bump, because the inward flow at the surface, 
where the temperature gradient is large, is induced by the 
Marangoni force. When dy/dT is negative, a small surface 
rise is generated around the bump because of the outward 
flow caused by Marangoni force. Especially, it is remark- 
able when dy/dT is -7 X10"4 N/m K, which is two times of 

dy/dT in the previous analysis, and the surface profile 

looks like the AFM profile in Fig. 5 (b). As shown in Fig. 7, 
Marangoni force has an effect to lower the bump height 
when dy/dT is negative. 

4. Conclusions 

One mathematical modeling of molten metal flow ac- 
companied with evaporation due to laser irradiation was 
proposed. Applying VOF method to thermohydrodynamics 
analysis of free surface problem, numerical calculation 
method was established. Through these mathematical mod- 
eling and numerical calculation method, bump formation 
mechanism in laser texturing was elucidated as follows:. 
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Fig. 7 Transition of bump height under various dy/dT 

(1) The downward flow is generated in the molten pool by 
the evaporation recoil pressure, and then it induces the 
outward flow in the radial direction. The surface rise 
around the hole during the laser irradiation is very small, 
because it is compensated with the mass loss by evapo- 
ration. 

(2) After laser irradiation is stopped, the evaporation recoil 
pressure does not occur, but the downward flow at the 
center of the molten pool and the outward flow in the 
radial direction are kept. Therefore, the center of the 
molten pool surface is still lowered and the surface rises 
in a semi-doughnut shape around the hole, that is, the 
bump is formed. 

(3) The Marangoni force that acts to draw the surface of the 
molten pool in the radial direction, when the tempera- 
ture coefficient of surface tension is negative. There- 
fore Marangoni force is most effective to the surface 
rise when the resolidification starts outside of the bump. 
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Micromachining with a Frequency Converted Diode-Pumped Nd:YAG 
Laser 
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Laser ablation with a Q-switched diode-pumped Nd:YAG laser was used to produce grooves in H-13 tool steel and 6061 
aluminum specimens. The relationships between laser wavelength, power and travel speed and the material removal rate, 
groove depth and quality were studied. Nondimensional relationships between the process and material variables and 
groove area and depth were found. The material removal rate was found to be significantly higher for the aluminum 
material. However, no significant increase in material removal or groove quality was found for the shorter wavelength 
laser energy. Significant recast was observed in grooves having a depth/width ratio larger than approximately 1 and all 
grooves had some amount of recast material remaining as a burr at the top edges. 

Introduction 
As diode-pumped solid state laser technology 

continues to be rapidly developed, these lasers offer 

single Nd:YAG rod and multiple diode laser bars for 
pumping. The cavity included an electro-optic Q-switch 
and an aperature for improving mode quality. The average 

Nd:YAG Pwip  N»od NdYAG Punp Hfod Poiorizer    ]/T"S 

Figure 1. E-0 Q-switched 
significant advantages as an energy source for 
micromachining. They are relatively efficient compared to 
lamp-pumped Nd:YAG lasers and thus require less 
cooling and have smaller laser cavities for equivalent 
output power than lamp-pumped lasers. Due to lower 
thermal distortion, the beam quality is high so small focus 
spot sizes can be obtained, which allows faster machining 
with better feature definition. When pulsed at high peak 
power, they can be effectively frequency-doubled to 
produce 0.532 um radiation. 

In this study, grooves were machined in H-13 
tool steel and 6061 aluminum specimens using a diode- 
pumped Nd:YAG laser, with and without frequency 
conversion. Comparisons are made between the 
effectiveness of machining (material removal rate and 
depth) with the fundamental and frequency-doubled 
wavelengths. The quality of the machined features is 
assessed qualitatively. 

Experimental Setup and Procedure 
For machining at the fundamental wavelength, a 

laser system having the configuration sketched in Figure 1 
was used. The laser used dual pump-heads, each with a 

laser cavity design. 
power of the linearly polarized output beam was adjusted 
using a rotating extra-cavity polarizing element and the 
beam was converted to circular polarity before being 
delivered to the work piece. Further optical elements in 
the beam delivery system were the same as for the 
frequency-doubled system and are discussed below. The 
frequency-doubled laser used a similar cavity design to 
that shown in Figure 1, but with one pump-head and an 
acousto-optic q-switch. As shown in Figure 2, the output 
beam was cleaned by aperturing, expanded with a 
telescope, apertured again and then focused onto the work 
surface. For both systems, the external and internal beam 
apertures ensured that M2« 1, so the focused spot 
diameter ds could be estimated using the relation 

J      4 , D 
d* =-*>-? CD 

*      f 
where X is wavelength (1.06 urn or 0.532 um), D is beam 
diameter at the focusing optic (6 mm) and f is lens focal 
length (50 mm). The spot sizes calculated from (1) are 12 
mm for X = 1.06 urn and 6 urn for X = 0.532 urn. 

To assess the independent effects of selected 
process input parameters (pulse frequency, pulse time and 
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Figure 2. Beam delivery optics (used for both 0.532 and 1.06 urn laser systems). 

travel speed), they were varied individually over the 
ranges shown in Table 1. Note that the pulse time was 
constant at 15 ns irrespective of pulse frequency for the E- 
O Q-switch laser but varied approximately linearly with 
pulse frequency for the A-0 (frequency-doubled) laser. 
The average power values shown were measured with a 
power meter prior to processing at each setting. In all tests, 
grooves were produced using 5 passes at the selected 
settings. 

Table 1. Processing Parameters. 

expression nondimensional groove area, labeled Ch 
because it was introduced by Christensen [3] is 

X 

jam 

Pulse 
Freq. 
kHz. 

Pulse 
Time 

ns 

Travel 
Speed 
mm s"1 

Avg. 
Power 

W 

1.06 0.5-2 15 4-13 0.4-1.6 
0.532 5-9 35-45 4-13 0.7-1.0 

Results 
The micromachined grooves were cross sectioned 

and measured. The resulting groove dimensions are 
tabulated in Table 2. 

Discussion 
Inspection of the data allows one to conclude that 

the aluminum was much more easily machined than the 
steel. For comparable process travel speed and average 
power, groove depths and area were both two to three 
times as large for the aluminum. The effect of laser 
wavelength is somewhat more difficult to assess since the 
spot size and travel speeds varied substantially in the trials 
at the two wavelengths. 

To compare the effects of process parameters and 
material properties more effectively, non-dimensional 
correlations were made between the groove dimensions 
and process and material parameters. This analysis was 
carried out using the well-known Buckingham Pi 
technique [1]. An attempt was made to identify the 
simplest correlations that produced an acceptable fit to the 
data. 

In the case of groove area, the simplest 
relationship that produced a significant linear fit to the 
data involved nondimensional parameters that have been 
previously applied to weld cross sectional area [2]. An 

Table 2. Beam De livery system desig n. 
Pulse Travel Power Area per Depth 
Freq Speed Pass per Pass 
KHz. in/min kW Urn2 urn 

Tool Steel X = = 1.06 urn 
20 0.8 291.6 7.242 
30 0.8 81 2.442 
10 0.8 283.4 8.648 
20 0.6 119 3.89 
20 1 281 7.158 

2 20 1.6 276.8 8.732 
0.5 20 0.4 58 1.944 

Tool Steel A, = 0.532 urn 
7 80 0.8 79.4 3.766 
7 120 0.8 44 2.152 
7 40 0.8 213.4 10.8 
9 80 0.72 57.2 2.69 
5 80 0.92 80.8 2.98 
7 80 1.0 178 5.544 
7 80 0.7 31.6 2.318 

Aluminum X = = 1.06 um 
20 0.8 633.4 14.98 
30 0.8 367.4 9.6 
10 0.8 754.6 24.792 
20 0.6 456.6 12.91 
20 1 680.4 16.138 

2 20 1.6 1477.2 36.25 
0.5 20 0.4 246.4 6.994 

Aluminum X = = 0.532 um 
7 80 0.8 291.8 13.49 
7 120 0.8 223.6 8.482 
7 40 0.8 570.6 35.104 
9 80 0.8 281.4 15.806 
5 80 0.8 288.6 10.468 
7 80 1.0 524.8 17.006 
7 80 0.7 106.4 7.2 
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Figure 3. Correlation between nondimensional groove 
area (Ch) and nondimensional process heat input (Ry). 

Ch = S2 • A • or2 

Where S is travel speed, A is groove cross sectional area 
removed per pass (measured area divided by 5) and a is 
thermal diffusivity of the material as shown in Table 1. An 
expression for nondimensional laser energy input, labeled 
Ry because it was first introduced by Rykalin is 

Ry = PavScr2Hsl 
-1 

where Pav is average power and Hsi is enthalpy of melting 
of the material. A log-log plot showing the correlation 
between these two parameters is shown in Figure 3. 
Although there is significant scatter in the data (R2 = 0.94) 
it is evident that the general linear trend of the data is well- 
expressed by the correlation 

Ch = 0.053*Ry121. 
A second correlation was found for the depth 

data. The nondimensional depth was expressed as D/rs 

where D is depth per pass (measured depth divided by 5) 
and rs is focus spot radius. It was correlated to duty cycle 
Ton / T, phase change temperatures Tv / Ts], phase change 
enthalpies H|V / Hs], and nondimensional energy input Pav/ 
S-a2-p where T0N is pulse time (s), T is time between 

♦ 2xH-13 
A1xH-13 

D 2x 6061 
o 1x6061 

0 0.5 1 1.5 2 

Actual Log D/r 

Figure 4. Correlation between measured nondimensional 
groove depth and that predicted by Eq. (5). 

pulses (s), Hiv is enthalpy of vaporization, T]v is boiling 
temperature at atmospheric pressure, TS| is melting 
temperature and p is the density of the solid material. The 
regression-fit relation among these variables was found to 
be 

4.67, ,.0.88, D/rs = 100 (Ton / T)u"(TIv / Ts, fü'(Hlv / HjI )
UM(Pav/ 

S-a2-p)085. 
The correlation coefficient for the linear fit to the log data 
was 0.92. The correlation is displayed graphically in 
Figure 3, which plots measured dimensionless depth 
against the values predicted from (3). 

To determine if laser wavelength had an effect on 
machining, the residual errors to a linear curve fit to the 
log data were examined. There was no clear difference 
between the machining results obtained at the two 
wavelengths. This leads to a conclusion that there was no 
significant difference in the efficiency of material removal 
at the two wavelengths used in the trials. 

An additional set of tests were run to determine 
the maximum aspect ratio of grooves that could be 
produced in aluminum. Grooves were machined using 
0.532 urn energy at the lowest travel speed setting shown 
in Table 3. The grooves produced by 20 machining 
passes were approximately 300 urn deep and 15 urn wide, 
a depth/width ratio of 29. A typical groove cross section is 
shown in Figure 5. Some un-removed material (recast) 
was observed in the bottom of the grooves. Additional 
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Figure 5. Example of a groove with depth/width ratio of 
20 produced in aluminum material with 0.532 urn laser 

passes did not increase groove depth but did remove some 
of the recast. 

Conclusions 

Micromachining of grooves in tool steel and 
aluminum using a diode-pumped solid state laser. Both 
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the fundamental (1.06 um) and freqnency-doubled (0.532 
um) wavelengths were used. It was found that the 
aluminum material was machined much more effectively 
than the tool steel. It was also noted that a significant 
amount of recast remained in grooves when the 
depth/width ratio was more than approximately 1. 
Nondimensional correlations to the data revealed that there 
was no significant difference in machining effectiveness 
between the fundamental and frequency doubled 
wavelengths. 

References 

[1] E.R.G. Eckert, R. Drake: "Analysis of Heat and Mass 
Transfer", (McGraw Hill, NY, 1972). 
[2] P.W. Fuerschbach: Weld. J., 75, (1996) 24. 
[3] N. Christensen, V. Davies, K. Germundsen: Brit. 

Weld. J., 12, (1965), 54. 

Proc. SPIE Vol. 4088 251 



High-Precision Micro Cutting of Ceramics 
with Short-Pulsed Solid-State Lasers 
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This contribution will present results for high-precision cutting of technical ceramics with short- 
pulsed solid-state lasers in fundamental and frequency-doubled wavelength. On the basis of ample 
experiments, a surprising absorption behaviour of some ceramics in the case of irradiation with high 
intensity will be discussed. Furthermore, the influence of wavelength and process gas on cutting speed 
and quality is demonstrated. The investigations resulted in a process strategy with multiple passing over 
of the kerf suited for remarkably improving process velocity and quality. Finally, structures applicable 
for nozzles and spinnerets are shown. 

Keywords: micro cutting, ceramic, short-pulsed, solid-state laser, laser-machining. 

1. Introduction 

In the case of ceramics, conventional processes cannot 
meet the increasing requirements with regard to reduced 
dimensions and tolerances. Furthermore, there is a demand 
for non-circular shaped holes which cannot be adequately 
fulfilled by conventional techniques. For this reason, the 
interest of industry in precise laser machining of ceramics 
has constantly grown. 

Up to now, C02-lasers have almost exclusively been used 
for laser processing of ceramics in industrial applications. In 
the case of micro machining, mainly excimer lasers have 
been taken into account. The wavelengths emitted by both 
types of lasers are strongly absorbed in ceramics, which is 
not expected for solid-state lasers. 

2. Absorption behaviour of ceramics 

Regarding the interaction of laser beam and bulk mate- 
rial, there is an essential distinction between pure and homo- 
geneous ceramics and technical ceramics. Furthermore, there 
is a difference in absorption phenomena at high and low 
intensity. 

2.1   Low temperature, low intensity absorptivity 
In literature, for pure ceramics some data of optical prop- 

erties can be found [1]. The degree of reflection is lower than 
in metals and much more of the incident light is penetrating 
into the bulk material. In metals, penetrating radiation is 

completely absorbed in a surface layer of a thickness an 
order of magnitude smaller than the wavelength. Fig. 1 
depicts the optical penetration depth in case of some ceram- 
ics. It is remarkable that the behaviour of these ceramics is 
totally different from those of metals in the spectral range 
between 0,5 and 10 um. The penetration depth is even up to 
three orders of magnitude larger than the wavelength in this 
so-called transmission window. 
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Fig. 1: Absorption length la in pure and homogeneous SiC 
and Si3N4 depending on wavelength. 

As laser ablation is a thermal process, the penetration 
depth has a decisive influence. Depending on the incident 
fluency, a certain maximum of optical penetration should not 
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be exceeded to reach temperatures required for laser abla- 
tion. Neglecting heat conduction, it is possible to calculate 
achievable surface temperatures in dependence on optical 
penetration depth and fluency. In case of pure ceramics only 
a deficient heating is to be expected because of the optical 
penetration depth in the range of 1 mm. 

2.2   High temperature, high intensity absorptivity 
Despite of what could be deduced from Fig. 1 and the 

calculations, ceramic materials can be machined with 
Nd:YAG-lasers quite efficiently [2]. An explanation for this 
surprising observation was found by investigating the high 
temperature optical behaviour of various ceramics with a 
calorimetric set-up [3]. Fig. 2 shows results for technical 
Si3N4 and A1N. Besides a more or less pronounced trend of 
decreasing penetration depth, both materials show a dramatic 
increase in reflectivity starting at a temperature depending on 
material composition. In [4], this effect was connected with 
the high temperature chemistry of these materials causing a 
decomposition in gaseous and liquid metallic components, 
mainly. From this we can conclude that in case of energy 
density values high enough to heat the surface within pulse 
duration to decomposition temperature, the ceramic material 
starts to show optical behaviour like metals. 
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Fig. 2: Reflectivity R and absorption length la of technical 
AIN and Si3N4 at high temperature. 

3. Ablation behaviour of ceramics 

In ceramics, the change to metallic behaviour described 
above is limited to the hot interaction zone, the surrounding 
bulk material remains semi-transparent. The change to 
metallic behaviour however, should not be necessarily per- 
manent as transmission experiments with picosecond laser 
pulses turned out at the General Physics Institute in Moscow. 
The results of these experiments are shown in Fig. 3. At first, 
initial transmission through a thin ceramic plate was 
measured at an intensity too low for ablation. Afterwards 
transmission was measured during ablation with an intensity 

of 1012 W/cm2 and finally with low intensity after ablation. 
During ablation, a transmission an order of magnitude 
smaller than the initial value was measured for both ceram- 
ics. In case of AIN, the degree of transmission remained at a 
low level after ablation whereas the value of A1203 nearly 
approached the initial value. An explanation for the decrease 
of transmission during ablation is plasma shielding which 
was confirmed in further experiments [5], On the other hand, 
the permanent decrease of transmission for AIN could not be 
explained. For this reason, it should be supposed that a 
highly absorbing layer is formed during irradiation with 
lasers of high intensity. In case of AIN, this layer kept the 
optical properties after ablation, but lost them for A1203. 
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Fig. 3: Transmission of laser light through thin ceramic 
plates. 

According to the Hirschegg Model for drilling with short- 
pulsed lasers [5] also two tools acting during the cutting 
process can be assumed for the special process technique 
described below. The primary one is the laser beam which is 
responsible mainly for the deepening of the kerf in the direc- 
tion of its propagation and feed direction. The secondary tool 
is a laser induced plasma which acts primarily in radial direc- 
tions, widens the kerf and smooths the cutting edge. 

4.  Processing technique 

As we have shown in several publications [5-7] for drill- 
ing, a breaking up of the process in a multitude of ablation 
steps (the so-called helical drilling) is suitable to enhance 
accuracy. We adapted this technique to the high-precision 
micro cutting of complex geometries. In contrast to conven- 
tional cutting which is essentially a through drilling followed 
by the cutting procedure, the so-called laser-machining 
reaches the breakthrough after multiple passing over of the 
kerf. While penetrating the workpiece, the focal position, the 
pulse energy and to some extend the energy per section can 
be varied. An increase of accuracy is reached by shortening 
the pulse duration and minimizing the focal diameter which 
leads to reduction of ablated material per pulse. 

The performance data of the diode pumped solid-state 
laser system used in the investigations are shown in Tab. 1 
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Table 1   Data of the diode pumped Nd:YAG-laser 

wavelength rePetition    Pulse       PuIse        focal        energy 
rate       duration    energy    diameter     density 

1064 nm      1 kHz       12 ns        8 mJ       19 urn    2822 J/cm2 

532 nm       1 kHz       12 ns        5 mJ       11 urn    5261 J/cm2 

4.1   Influence of process strategy 
Fig. 4 depicts cutting kerfs and edges in Si3N4. The thick- 

ness of the sample is 1 mm. To compare the results of the dif- 
ferent strategies it is helpful to define the effective feed rate 
by the ratio of instantaneous feed rate to number of passes. 
Although the instantaneous feed rate is different (1,2 mm/ 
min for the single pass and 6 mm/min for five passes), the 
effective feed rate is the same and also the resulting process- 
ing time is equal. 

In case of the conventional cutting technique, there is a 
lot of recast material remaining in the kerf. Whereas for the 
laser-machining nearly no recast material is observed. Fur- 
thermore, the cutting edge is even smoother than for a single 
passing. One possible explanation for this could be the better 
removal of the ablated material due to the small ablated vol- 
ume per pulse in laser-machining. 

50 ym 

single pass 
v = 1,2 mm/min 

""».«KIR», 

'■.,£, V-y  r ■. -.  i 

five passes 
v = 6 mm/min 

500 ym 

Fig. 4: Kerfs (above) and cutting edges (below) in Si3N4 

with conventional cutting technique (left) and 
laser-machining (right) at same effective 
feed rate (veff = 1,2 mm/min, X = 532 nm). 

Further on, laser-machining not only offers an improve- 
ment in process quality but also in process efficiency as dem- 
onstrated in Fig. 5. By all means, the effective feed rate is 
kept constant for the comparison of the results. For both 

wavelengths the achievable kerf depth, which corresponds to 
the cutable material thickness, can be increased by raising 
the number of passes. This is another advantage of the small 
ablated volumes per pulse in laser-machining. 
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Fig. 5: Influence of process strategy on process efficiency at 
same effective feed rate (Si3N4, veff= 2,4 mm/min). 

The same results have been obtained for oxide ceramics 
like A1203 or Zr02. 

4.2   Influence of wavelength and process gas 
The influence of process gas on process efficiency is 

shown in Fig. 6 for A1203 and different wavelengths. At 
1064 nm and for a material thickness of 800 um, it is possi- 
ble to increase the feed rate by 100% from about 1 mm/min 
to more than 2 mm/min by using helium as process gas. This 
can be attributed to smaller shielding effects of the laser 
induced plasma, in comparison to a processing without 
helium. Due to less plasma interaction at shorter wavelengths 
it is even possible to achieve a 50% higher feed rate in the 
second harmonic than in the basic wavelength without gas. 
No remarkable increase in feed rate at higher material thick- 
ness could be attained with helium as process gas for a wave- 
length of 532 nm. 
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Fig. 6: Influence of wavelength and process gas on cutting 
speed (A1203, single pass, E = 2,1-10" W/cm2). 

Apart from process efficiency it is important to consider 
the process quality. In Fig. 7 SEM-pictures of typical cutting 
edges are depicted for A1203. Best results are obtained by 
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Fig. 7: Typical cutting edges in A1203 (laser-machined 
a) X = 532 nm, b) X = 532 nm with helium, 
c) X = 1064 nm, d) X = 1064 nm with helium). 

laser-machining without process gas at 1064 nm. The flank is 
quite homogeneous, nearly without any redeposited material 
on it. Quality gets worse by using helium - a redeposited 
layer with low roughness is formed which is partly cracking 
off. In the second harmonic also a good quality of the cutting 
edge is possible without process gas. The use of helium is not 
sensible for reasons of quality as well as process efficiency. 

4.3   Applications 
An application demonstrating the possibilities of laser- 

machining is presented in Fig. 8. A so-called trilobal geome- 
try in A1203 with a thickness of 0,4 mm was produced. The 
width of the legs is 100 um and the length is about 300 urn. 
The cast taken from this complex geometry shows a very 
smooth surface of the flank and good constancy in shape. 
The detail on the right depicts the sharp edge at the exit. 

, entrance; 
roo t;m 100 pm. *;j50;}im 

Fig. 8: Laser-machining of a trilobal geometry for 
spinnerets (under contract of CeramTec AG). 

As a matter of principle, nearly any geometry can be pro- 
duced by laser-machining. For this reason, an application in 
ceramic nozzles and spinnerets is conceivable. A prototype 
of a ceramic spinneret in Zr02 is depicted in Fig. 9. The 
dimensions of the star are nearly the same as for the trilobal, 
the material thickness to be cut is about 600 urn. 

3 
** * ," -.m^ 

Fig. 9: Prototype of a laser-machined spinneret. 

5.  Conclusions 

Diode pumped solid-state lasers offering pulse energies 
beyond several mJ at pulse duration near to 10 ns allow to 
produce complex geometries of high aspect ratio and unprec- 
edented accuracy in combination with the laser-machining 
process. 
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In this contribution a technique will be presented using a cw solid-state laser for high precision micro- 
machining of steel which avoids recast layers and burr formation. This processing technique gets rid of 
the detrimental melt production by using oxidizing for material removal. The produced oxide chips can 
be removed from the structure completely by compressed air. No processing chemicals are necessary 
like in etching techniques. Other advantages of this method are sharp edges without any burrs, smooth 
bottoms in the structure ground and a small heat affected zone compared to material removal by 
melting. 

Keywords: Laser-Micro-Caving, solid-state laser, steel, oxidation, machining. 

1. Introduction 

The economical potential of laser micro-machining has 
already been shown in numerous application fields. The laser 
is utilized mainly for marking, trimming, drilling, cutting and 
welding. An increasing interest in high-precision ablation of 
metallic materials can be observed. When removing the ma- 
terial by melting and vaporizing with standard pulsed lasers, 
however, the aim of high accuracy and resolution can not be 
fulfilled due to recast layers and burr formation. In view of 
this, a technique using a cw solid-state laser for high preci- 
sion micro-machining of steel which avoids these flaws will 
be discussed. 

2. Processing principle 

The principle of Laser-Micro-Caving (LMC) is a laser in- 
duced spatially defined oxidation process on a steel surface. 
To start this process, the steel has to be heated above a cer- 
tain temperature, which depends on the thermal properties 
and alloying elements of the material. The surface tempera- 
ture of the irradiated zone is further increased by the exother- 
mal reaction of the oxidation process. 

Due to the lower melting temperature of iron oxide com- 
pared to the melting point of iron an oxide melt can be pro- 
duced without melting the base material. This is the main 
reason for reaching the excellent precision of this processing 
technique. A disadvantage is the low processing speed lim- 
ited by diffusion in the oxide layer. 

laser beam (cw) 

oxygen 

oxide chip 

steel 

Fig. 1:   Principle of Laser-Micro-Caving (LMC) 

The shape of the cross-section and the formation of the 
interaction zone are leading to the assumption that recoil 
pressure of evaporating oxide forms a shallow cave which 
can be regarded as the onset of a keyhole (as is well known 
in laser welding). This mechanism deepens the ablation 
depth to some extent and accelerates it by keeping the oxide 
layer (which has to be transversed by diffusion) shallow. Too 
heavy vaporization makes the process instable, however, and 
causes melting of the base material. 

The limitation of the vapor pressure is the reason why a 
cw solid-state laser is used for the investigations. Using 
pulsed systems with high peak powers the process gets more 
instable. Furthermore, to stabilize the mentioned oxide trans- 
formation, it is necessary to supply the oxygen at low pres- 
sure. When processing with appropriate parameters, the pro- 
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duced oxide layer lifts off from the bulk material as a chip 
(Fig. 1). 

The lift off is due to a temperature profile occurring in the 
interaction zone during the cooling process. This mechanism 
is known from laser bending of metal foils [1]. The bending 
mechanism of the oxide chip is comparable to the tempera- 
ture gradient mechanism (TGM). Due to rapid heating a 
steep temperature gradient develops. The thermal expansion 
at the upper side is converted into an elastic and plastic com- 
pressive strain. Owing to the asymmetry of the temperature 
field during heating and cooling the plastic strains are not 
cancelled during cooling. So after cooling the upper layer of 
the chip is shorter than the lower layer resulting in a bending 
angle which bends the oxide towards the laser beam [2]. 

The detachment of the chip is facilitated by the boundary 
between the oxide and the bulk material. 

I   I! 

200 pm 300 (jm 

Fig. 2: Structure after Laser-Micro-Caving (LMC) (left); 
Structure after cleaning by compressed air (right) 

In contrast to the well known technique for macroscopic 
laser machining [3] [4] [5] the LMC process does in general 
not form an oxide chip after each laser scan but oxide plates 
in the dimension of the irradiated surface area. That is why 
the oxide has to be removed after processing the structure as 
a whole (Fig. 2). An explanation for this behavior could be 
the small focus diameter of about 40 urn, which is capable to 
produce only a small oxide volume. 

3.     Experimental results 

3.1   Minimal oxide volume for detachment 
Results concerning the necessary aspect ratios and cross- 

sections leading to an oxide detachment are shown in Fig. 3. 
Beside the volume of the oxide chip the aspect ratio of the 
groove has a great influence on the detachment procedure. 

At high aspect ratios (depth/width), that means the 
groove is very deep, no detachment can be observed. In this 
case the bending forces are not strong enough to overcome 
the forces at the interface to the bulk material. For unalloyed 
steels and aspect ratios smaller than 0.5, a cross-section up to 
1.5 mm2 and a length larger than about 0.5 mm are required 
for removing the oxide chip by bending. Processing alloyed 

steels with the same parameters an oxide detachment can not 
be observed. This is probably caused by the different shape 
of the cross-section (Fig. 4). 
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Fig. 3: Area of cross-section and aspect ratio leading to 
oxide detachment (C 45, v = 180 mm/min, single 
passage) 
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50 urn 

Fig. 4:   Cross-sections of an unalloyed and an alloyed steel 
(P = 14W,v = 180 mm/min) 

In case of unalloyed steels the cross-section is V-shaped. 
For alloyed steels the distribution of this area is U-shaped 
leading to higher required forces for detachment caused by 
the larger interaction areas between oxide and bulk material 
and the steeper flank angles. Therefore, the cross-section for 
an oxide detachment has to be higher working with alloyed 
steels. This is achievable carrying out the ablation process by 
multi passing the ablation area with a certain overlap of the 
tracks. So the oxide volume gets high enough for detachment 
by itself. 

The different shapes of the cross-section could be caused 
by the Marangony effect which leads to a different formation 
of the melt flow in the interaction zone. 

3.2   Influence of processing parameters on ablation 
behavior 

Investigations referring to the material properties like the 
influence of alloy constituents on ablation behavior revealed 
that an increased content of carbon causes a high ablation 
rate, and a high portion of chromium leads to a low surface 
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roughness. Examinations concerning the processing parame- 
ters have shown that a low surface roughness of the struc- 
tures can be obtained by rising the scan speed or reducing the 
laser power at a constant scan speed [6]. 
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Fig. 5:  Influence of alloys, scan speed and laser power on 
structure depth 

The comparison of the results using the steels X 210 Cr 
12 and X 45 NiCrMo 4, depicted in Fig. 5, confirms the rela- 
tionships mentioned above. The diagrams show the structure 
depth referring to a variation of scan speed and laser power. 

A comparison regarding the chip formation for these two 
alloyed steels in dependence on scan speed and laser power 
is shown in Fig. 6. In the diagrams indicates the grey color an 
ablation by melt, the black color that the oxide chip lifts off 
and the light one that the oxide chip does not detach. At first 
sight the X 45 NiCrMo 4 seems to be better suited for a high 
process stability because of the large black area. On the other 
hand the structure depth can not reach values deeper than 
40 urn (Fig. 5) and the surface roughness is of about two 
times higher. So the higher alloyed steel is, despite the 
smaller process window, better suited for Laser-Micro-Cav- 
ing. Advantages are mainly the higher process efficiency 
caused by a much higher ablation volume, the small surface 
roughness and the possibility to vary the structure depth in a 
wide range. 
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Fig. 6:  Influence of alloys, scan speed and laser power on 
chip detachment 

In addition to these parameters, the overlap of the laser 
tracks has a strong influence on the surface quality. Depend- 
ing on the kind of steel and the laser parameters, there exists 
an optimum value, which leads to a low surface roughness. 
Numerous experiments lead to the rule of thumb that the op- 
timum value of the sidestep is the third to the fifth part of the 
focus diameter for all investigated unalloyed and alloyed 
steels. 

4.     Applications 

The capability of producing microstructures in steel with- 
out any dross of melt and flank angles in the range of 80° up 
to 90° allows to apply the Laser-Micro-Caving in a wide 
range of technical applications. Because of the easy chip re- 
moval by a short gas blow, there is no further mechanical or 
chemical cleaning process necessary. Moreover, this uncom- 
plicated cleaning process allows to cave three-dimensional 
structures with high geometric quality. As an example, Fig. 7 
depicts a pyramid structure with an overall depth of 126 um. 
The dimensions of the single steps are 18 um in height and 
18 urn in width. 
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Fig. 7:   3D-laser-caving of steel (size: 400 x 400 um2) (left); 
Galvanic moulded structure made ofNi-Co (in 
cooperation with Robert Bosch GmbH) (right) 

An interesting technical application of such micro-caved 
surfaces is the galvanic moulding of micro structures. To 
produce big volumes of micro parts, it is necessary to trans- 
form the serial process of LMC to a parallel one. The process 
of Laser-Micro-Caving can be used for rapid tooling of a 
mould. With this tool, it is possible to generate a high num- 
ber of micro structures. Fig. 7 shows such a moulded part 
with a diameter of 3.5 mm. In the same way, it is conceivable 
to use the laser caved mould for an injection moulding pro- 
cess. These techniques might become a cost efficient method 
for producing components of micro-systems. 

20 urn 

Fig. 8: Grooves processed by melt expulsion (above) and 
Laser-Micro-Caving (below) 

Another application of the Laser-Micro-Caving is the en- 
graving of steel plates and cylinders in the printing and em- 
bossing industry. The advantages for the manufacturers of 
printing cylinders are a remarkable reduction of chemical 
waste compared to the conventional etching technology and 

the possibility to produce structures by the so called „com- 
puter to plate" technology [7]. In the packing equipment in- 
dustry, these micro structured surfaces can be applied for em- 
bossing paper or plastic foils to get special decorative effects 
or to protect products from copying. 

One important advantage of micro-machining is the abil- 
ity to improve the functional properties of macroscopic sys- 
tems. As an example, laser engraved grooves are depicted in 
Fig. 8. Using this grooves in a slide bearing, an oil pad will 
be built up. Because of this lubrication oil film, friction and 
wear can be remarkably reduced. In contrast to the grooves 
processed by melt expulsion the magnification on the right 
demonstrates once again that there is no melt in the structure 
and the edge radius is smaller than 1 urn. Some small plates 
broke out at the edge, due to a hardening process by grinding 
and polishing the surface before the laser-machining process. 
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The production of microsystems and miniaturized devices often requires joining technologies, which 
meet the demands of ultra clean manufacturing. Especially for optical and medical products low 
pollution and distortion joining processes are necessary to guarantee the quality and the function of the 
device. 
For this applications laser welding with fibre lasers at laser powers of up to P = 10 W and focus 
dimensions < 30 /xm have been used for welding micro mechanical devices. At intensities 
I > 106 W/cm2 welding depths of 100 fim can be achieved with minimized pollution of the parts and 
smooth and clean apperance of the surface of the welds. For joining polymers and dissimilar materials 
high power diode lasers have been used providing even better conditions regarding pollution of the 
joining partners. By using material adapted laser wavelengths the heating of the material can be 
concentrated to the inner joining area of an overlap material joint. With this technique, thermoplastic 
polymer compounds and silicon glass compounds have been joined with low temperature and no 
influence on the quality of the parts with joining widths of less than 100 fim. 

Keywords: Joining, fibre lasers, diode lasers, pollution, polymer welding 

1. Introduction 

Micro systems technology require packaging and 
interconnection technologies which meets the demands 
of flexible production with still small lot sizes and, in 
contrast to micro electronics applications often with 
different materials. Additionally depending on the 
application of the micro parts the joint has to 
withstand high temperatures, aggressive fluids and 
mechanical forces constantly without degradation and 
negative long time effects. The laser technology offers 
appropriate solutions for packaging and 
interconnection  using processes,  which  have  been 

approved for a long time in fine mechanics and 
joining applications. With new developments laser 
joining can be used also for packaging and assembly 
of micro parts made from silicon, glass and polymers 
with low heat input , low distortion and low 
pollution. In table 1 different joining technologies 
are listed in comparison to laser joining. As it can 
bee seen from the table, laser joining is especially 
suitable for applications at high temperatures and 
harsh atmospheres and surroundings, such as sensors 
and other electric components for the use in 
automotive parts. 

Technology Temperature range Advantages / Disadvantages Application 
Adhesive Bonding < 100° c + low cost 

- selective process 
-low temperature   sealing 
- optoelectronics 

Soldering < 200° C + low cost 
+ large quantity 
- long time instability 

electronic interconnection 

Bonding < 600° C + fast 
- restricted material choice 
- selective 

chip interconnection 

Resistance Welding < 1500° C + fast 
+ all materials 
- selective 

connector packaging 

Laser Welding > 1500° C + fast 
+ all materials 

- packaging 
- joining differentmaterial 
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The main advantage of laser joining is the high 
precision and the long term stability of the joint. 
Especially in joining optoelectronic components a 
joining technology is required, which does not 
influence the optical quality of the subcomponents 
by splashes or recondensation of evaporated 
solubles from adhesives. But also laser joining has 
to be improved with respect to higher quality and 
smaller welding geometry. First attempts have been 
made to reduce the size of the weld spot with the 
aim of increasing the assembling accuracy. A newly 
developed joining technology for pig-tailing laser 
diodes uses a laser based assembling system, where 
a covar ferule is welded to a holder and the 
distortions are corrected by subsequent laser 
bending pulses [1]. Sub-micron accuracy is 
achieved for fibre pigtailing where displacement 
shifts for round parts can be minimised by using 
three weld spots simultaneous, which are positioned 
symmetrical around the axis of the part. 

In electronic production laser beam micro-welding 
can also be used as an alternative joining technique 
to the well known soldering process, for example to 
contact leads [2]. 

2. Laser joining processes 

Laser soldering is used, when the temperature load 
on the component has to be minimized and the 
accessibility to the soldering position is restricted. 
In comparison to other selective soldering processes 
like plasma and micro flame soldering the 
processing times are much shorter, so that the 
technology can be integrated into a high speed 
assembly line. Especially, due to the availability of 
high power diode lasers laser soldering has a strong 
increasing market with reasonable investment costs 
and low maintenance efforts. 

Due to the minimizing of the size of the products 
laser soldering is used especially for small soldering 
geometries and short soldering times. [5]. Another 
application is soldering at high temperatures for 
lead free solders, where other soldering 
technologies fail. 

Due to the small size of diode lasers and the used 
micro optics new technologies in assembly lines can 
be realized. In figure 2 system is shown, where 
laser optics and gripping systems are combined in a 
common tool as a so called pick-and-joining-tool. 
This system is equipped with 4 diode lasers at a 
power of P = 40 W each, linked to the head via 600 
/im optical fibres. The focusing optics contains a 
vario optics to allow the variable set up of 
illumination length and width. With this system 

Fig. 2: Pick-and-Joining-Tool for laser soldering 
electronic components 

components can be picked, positioned and joined at 
the same time. Applications can be found in the 
assembly of electronic components on MID-parts 
and parts where the position has to be fixed with an 
accuracy of < 10 /mi. 

To ensure a high reproducibility several sensor 
devices are included in the pick-and join-head. For 
the determination of the part position a camera is 
included, which looks through the gripping device 
and allows position accuracies < 100 /im. 
Furthermore for process control a pyrometric sensor 
can be included to measure the temperature in the 
interaction zone during heating the solder paste. In 
Fig. 3 a typical time dependent temperature signal 
for soldering is shown. 

600    600    1000   1200    1400   1600   1800   2000 

Zeit [ms] 

Fig. 3: Pyrometric temperature signal for soldering 
process 

Laser beam welding is widely used as a common 
joining technology in fine mechanics applications. 
Applications can be found in the assembly of 
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electron beam guns for CRTs, razorblades, dental 
products and a large number of consumer parts with 
high quality. Due to new developments for laser 
beam sources with better beam quality the 
application field for laser beam micro joining has 
been moved to geometries < 100 /im with 
accuracies of sometimes less than a few jim. 

Fig. 4: Laser welding examples from watch 
industry 

Especially for the assembly of electronic parts and 
sub-components laser beam welding is used for the 
packaging of high power electronic components. 
[3]. In figure 4 and 5 two examples from the watch- 
industry and the electronic-industry are shown. 

Fig. 5: Laser welding examples from electronic 
industry (laser welded lead frame) 

With new fibre lasers, laser beam welding can be 
further improved to smaller joining geometries and 
lower heat input. Fibre lasers offer fokus geometries 
< 20 urn at P = 10 W, which is enough to weld steel 
parts with low distortion and low pollution. These 
requirements are strongly increasing in electronics 
and fine mechanics as well as for medical products. 
Part distortions < 10 /xm can be achieved . 

As a special technology among the laser welding 
processes the laser assisted bonding can be seen. 
[4]. It is used for joining silicon and glass 

components where Nd:YAG radiation is transmitted 
through the glass part and absorbed on the silicon 
surface at the interface between two parts. At this 
interface the joining process by production of melt, 
hydrogen bridges and adhesion is performed. In Fig. 
6 the principle set up of the laser bonding process is 
shown. 

Laserbeam 

I ̂
— cover 

glass wafer 

silicon wafer 

Fig. 6: Principle set up of laser bonding process 

Fig. 7: Laser bonded silicon micro cavities 

Figure 7 shows an example with the sealing of a 
silicon cavity. The main advantages of this 
technology in comparison to the widely used anode 
bonding process is 
• low heat input 
• selective bonding geometries 
• joining under gases and fluids 
• low influence on pre-processed wafers and 

enclosed components 

70    ■ 

Z  «o 

8    SO    • 

Fig.8: Yield force of laser bonded silicon compound 
for 3 different joining areas 
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The application of this technologies can be found in 
the assembly of sensors and micro system 
components as well as the assembly of micro fluidic 
parts with biological components for biological 
essays. 

With respect to the various applications this 
technology can also be perfomed at low and high 
pressure and even under fluids. The achievable 
joining forces are similar to conventional anodic 
bondic process (Fig. 8). 

A similar processing principle is used for welding 
polymer parts. Both joining partners are fixed 
together with a minimum gap < 50 /xm and is 
pressed tightly together. The laser beam transmits 
through one of the joining partners and is absorbed 
at the second joining partner which is pigmented by 
special ingredients, like carbon and absorbing dies. 
By heat conduction both partners are heated up 
simultaneously and a melt bet-ween the parts in the 
interaction zone is produced. The applications for 
this technology can be found mostly in the 
packaging of electronic components and parts from 
automotive supplier industry. By using an online 
temperature control with a pyrometric measurement 
this process can be used also for temperature 
sensitive components with high process safety. Fig. 
9 shows an example for an electronic locking 
system for the automotive industry. 

Fig. 9: Laser welded polymer locking system 

3. Conclusion 

Laser micro joining offers a large variety of 
different packaging technologies for micro system 
assembling. Laser welding and bonding is suitable 
for thin metal foils and micro wires from low 
temperature materials, like gold and silver to high 
temperature materials, like tungsten. Also silicon- 
glass compounds and LIGA-Components can be 
joined with the following advantages: 

• high local selectivity 
• small fusion zone 
• low heat input 
• no adhesives 
• short processing time 
• low investment costs 

For fine mechanics applications laser joining can be 
used without almost any preparation, but in micro 
systems packaging the parameters and the joining 
conditions have to be well adapted to perform a 
high quality joint. This process can be supported by 
integration of temperature control and special 
clamping and materials handling devices. In future 
further developments will lead to a reduction of 
joining geometries in the ptm-range to obtain 
micrometer packaging technologies. 
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Three  different  prototypes  of ear  implants  have  been  successfully  produced  using  Nd-YAG 
laserwelding. 
The prototypes differ in use and dimensions. 
This presentation will deal with the latest developed ear implant, i.e. a box containing special 
electronics inside. 
The implant has to be He leak tight, the weld penetration should be between 50 and 65% of the cover 
in order to be sure to avoid damage of the electronics in the box and the temperature should not exceed 
100°C during welding. Furthermore no sharp edges and no surface contamination or oxidation is 
allowed. 
Pulsed Nd-YAG welding proved to be a fabrication technique who allowed satisfying those conditions. 
Through an appropriate choice of pulse energy, pulse time, pulse frequency, overlap and an external 
cooling device we succeeded to fulfil all those requirements. 
Special devices have been developed and are used to position the boxes adequately in front of the laser 
beam. During the welding a copper heat sink was used to eliminate the developed heat, and at the same 
time this was used to keep a good contact between the cover and the rest of the box. 
In the development phase the internal temperature during the welding cycle has been measured. With 
an appropriate choice of pulse frequency, pulse time, the internal temperature could be limited to about 
80°C. XPS measurements have also been performed on dummies in order to control the eventual 
formation of a titanium deposit during welding. 
Finally 30 implants have been welded successfully, and they will now be used for further medical tests, 
first on animals and later on human beings. 

Keywords: laser, welding, implants, titanium, Nd-YAG 

1.   Introduction 

A method for laser welding of parts used in ear implants 
has been developed. 

In a previous project a laserwelding technique for the 
fabrication of two different types of ear implants has been 
developed, one with a diameter of 11 mm a height of 3.85 
mm and a wall thickness of 0.4 mm and a second type with 
dimensions 2.55 by 1.5 mm with a wall tickness of 0.2 mm). 
Both are cochlear ear implants containing a magnet inside a 
welded titanium box. 

The new type is much more sophisticated than the 
previous ones. In order to reduce the size and the efficiency 
the electronic that produces signals going to the ear nerves is 
contained in the implant. The implant has a diameter of 18.7 
mm, a height of 3.8 mm and a wall thickness of 0.2 mm 

2. Demands to the implants 

The electronic is contained in a box made of the titanium 
alloy Ti6A14V to be compatible with the human body. 
The box has to satisfy the following conditions: 
- He leak tightness better than 5.10"8mbar.l/sec (MIL-STD- 

883D) 
- Welding depth between 50 and 75% of the wall thickness 
- Maximum inside temperature during welding lower than 

100°C 
- No sharp edges 
- No surface contamination 
- No evaporation of titanium during welding. 
- No moisture into the box. 

3. Optimization of process parameters 

The boxes that have been welded only contained a low 
value  magnet  inside,  but  the  new  type  contains  very 
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expensive electronics that is very sensitive to heat input, 
contamination and the presence of moisture. 

A pulsed Nd-YAG laser (400W Lumonics) has been 
used for the welding experiments. 

The final welding is performed with a pulse length of 15 
ms, an energy of 2J, a frequency of 3Hz, 120 steps/min and 
a welding time of 6 min (720 steps). The overlap of 2 pulses 
is at least 50%. A lens with a focal length of 80 mm has 
been used for welding the implants. 
With those parameters it is possible to fulfil the above 
requirements. 

However, in order to succeed other precautionary 
measures are necessary. To reduce the gap between the cup 
and the case a special holder has been fabricated who allows 
pressing the cover against the box. Furthermore, to keep the 
temperature below 100°C in the box, a special holder and a 
copper piece positioned onto a titanium holder, to prevent 
surface contamination of the box, is used as a heat sink to 
take away the produced heat. To prevent the laserbeam from 
hitting directly the electronics a special design is necessary. 
This design is schematically represented below: 

4.  Laserwelding under a controlled atmosphere 

The implants to be welded are first put into a container 
that is vacuum pumped during 4 hours to eliminate 
moisture, and consequently filled with very pure argon and 
sealed before introducing the container into a glove box in 
which welding is performed. 

The glove box is completely filled up with argon at a 
low overpressure, in order to prevent air to enter the glove 
box and to contaminate the implants. After entering the 
container with the implants in the glove box; the glove box 
is washed at least during twelve hours with argon to reduce 
the moisture content. The relative humidity could be 
reduced to 4%, which corresponds with a dew point of 
approximately -30°C. During welding argon is blown in the 
weld spot to prevent surface oxidation. 

The use of a container than contains several implants 
permits welding of a large number of implants without the 
necessity to open the glove box and to wash it for 12 hours 
each time an implant has to be welded. 

CUP 

CASE 

First design 

CUP 

CASE 

Final design 

Fig. 1 Design of the box 

Fig. 2 Schematic view clamping device 
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The laser light is directly brought in the glove box, by 
means of a sealed extension tube. The use of a direct- 
coupled laser instead of a fiber coupled laser results in a 
smaller weld spot, due to the smaller beam size. The optics 
are fixed to this extension tube and for the positioning a high 
resolution CCD camera is used for positioning and 
controlling of the welding cycle. 

5. Qualification controls of the welded implants 

The following examinations have to be performed and 
will be discussed: visual inspection, He-leak tests, 
mechanical vibration tests, mechanical pressure tests, 
temperature cycling, weld characterisation, temperature 
measurement, contamination. 

6. Examination of surface contamination 

As explained before care has to be taken in order to 
avoid all external contamination. The clamping devices are 
chosen in a way not to contaminate the implants. The 
welding gasses have to be inert and very pure in order to 
avoid surface contamination. The clamping devices are 
cleaned before each use. Finally gloves are used to handle 
the specimens. XPS (a surface analyzing technique) has 
been used to analyze the surface on possible contamination 
and oxidation. No traces of contamination or oxidation 
could be found on the specimens. XPS has also been used to 
analyze the surface of a dummy placed into the box before 
and after welding in order to control if during welding 
titanium has evaporated and being deposited onto the 
surface of the dummy. Since titanium conducts electrical 
current the deposition of it onto the electronics inside the 
box could cause the malfunctioning of the sophisticated 
electronics. 

7. He-leak tightness 

The specimens where tested following the specifications 
of M1L-STD/833D. Therefore it is necessary to leave some 
room for gasses into the box corresponding to the 
dimensions of the box. The welded specimens are put under 
He pressure for at least 2 hours at a pressure of 5.2 bar. 
After that they have to be leak tested within 15 min. 

The laserwelds were sound, but some implants showed 
leaks caused by the throughputs for the connection of the 
electrodes. 

8. Control of the welding temperature 

The control of the temperature during the welding 
process has been controlled by means of 3Pt-100 
thermocouples placed inside the box at the place of the weld 

bead. The maximum temperature that has been measured 
didn't exceed 80°C, and further this temperature peak lasted 
only a few seconds. This confirmed the expectations that the 
welding did not damage the electronics. 

9. Resistance against mechanical deformation 

The resistance against deformation is another important 
topic. An external pressure exercised onto the cover of the 
box could bring the box into contact with the electronics, 
with a risk of damaging it. Special care has to be taken to 
avoid this, as well during the manipulation stage as during 
implantation and use. A second test is a mechanical 
vibration test. The welded boxes are subjected to this test 
and He-leak tested before and after to see if the weld is 
damaged during those tests. 

10. Characterisation of the weld 

Metallographic examination has been performed to 
control the weld penetration and the width. Originally the 
weld width should not exceed 300um since it was expected 
that the thickness should increase. In practice it was noticed 
that the weld had a width of 420um, but on the other hand 
the radius decreased by 20pm. When the weld width was 
decreased to 300 urn the weld depth decreased also to 120 
urn, which was not acceptable. Therefore, a weld width of 
420 urn is accepted with a weld depth of around 160pm. 
This is schematically represented in the figure below. 

Fig. 3 Schematic view of the weld 
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Fig. 4 Metallographic examination box 

Results Finally 30 implants have been produced as 
prototypes and are actually tested on animals. In the 
photographs below the complete apparatus is shown with a 
detail of the welded box itself. 

Fig. 5 View of a welded implant 
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Abstract: In order to improve the reliability of micro-spot welding of metal parts in production 
such as e. g. in electron guns for TV picture tubes, real-time information about the evolution of the 
welding process should be available to allow on-line modification of the laser parameters. Such 
information can be derived from a set of sensors that are mounted on a laser-scanning head. Different 
sensors are used to monitor the optical fiber output power to determine the evolution of temperature 
during the spot welding process, to measure plasma emission and back-reflected laser light. A vision 
channel and a CCD camera are used to control the position of the laser spot on the parts to be 
processed. 
The compact scanning head is composed of a tip/tilt laser scanner, a collimating lens and a focusing 
lens. The scanner is fast steering, with a bandwidth of 700Hz, and can tilt by ±3.5° with a repeatability 
better than 50u.rad. The settling time for maximum deflection is less than 10ms. The scanning lens is a 
newly developed focusing lens designed to replace commercial cumbersome scanning lenses such as 
F-0 lenses, which have large volume, weight and price. This lens is based on the well-known Cooke 
triplet design and guarantees a constant shape of the spot all over the scan surface and is specially well 
suited for high power beam delivery. The scan field achieved by the system is limited to 25mm x 
25mm. The laser used for this application is a pulsed Nd:YAG laser delivered by an optical fiber to the 
optical head. However, the system can be adapted to different types of lasers. 
Laser micro-spot welding on copper substrate has been performed in the frame of the Brite-Euram 
project MAIL. Smaller tolerances (a factor of 2 less) on the spot diameters were obtained in the case of 
a sensor controlled operation compared to the case where sensor control is not used. 

Keywords: Compact head, micro-spot welding, multi-sensors, tip/tilt scanner, new focusing lens.for 
material processing applications. 

1.    Introduction 

Many material processing applications use fiber optical 
beam delivery of the laser power to the processing 
equipment. Fiber beam delivery has become a standard 
technique in recent years for processes such as welding, 
which require relatively low beam quality but highly 
uniform beams. This is mainly due to the ease of 
manipulation and the high flexibility of optical fibers in 
light guiding. A further advantage of fiber delivery is its 
tendency to circularise and depolarise the beam, leading to 
a near flat top-hat beam profile with high reproducibility. 

These properties are of prime importance for reliable 
industrial process control in various laser materials 
processing applications. Moreover, fiber beam delivery 
leads to more compact beam handling systems. In fact, 
diverse applications are restricted with a limited volume of 
space. Therefore, the need for more compact high 
precision manipulators and measuring systems is also 
increasing. A compact, multi-sensor laser scanning head 
for processing and monitoring micro-spot welding is 
presented in this paper. In order to improve the reliability 
of micro-spot welding of metal parts in production such as 
e. g. in electron guns for TV picture tubes, real-time 
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information about the evolution of the welding process 
should be available to allow on-line modification of the 
laser parameters. The optical head proposed is based on 
fiber optical beam delivery of the laser power. The main 
modules are a tip/tilt high-power laser scanner to control 
the laser spot position and a set of Silicon and Germanium 
sensors to monitor and control the micro-spot welding 
process. For more than two decades, galvanometer 
scanners have been the usual solution for laser scanning 
systems [1]. In order to scan in two directions, two 
rotating scanners must be used. One of the mirrors must be 
larger to allow the scan of the laser beam generated by the 
rotation of the other mirror. The tip/tilt scanner used in 
this system has a single mirror that achieves the two 
degrees of freedom in rotation and can steer large beams 
up to 25 mm in diameter. The design principles of this 
scanner are presented in [2]. 

1. Set-up 

The optical head is based on a pre-objective laser scan 
system. In this configuration, the tip/tilt scanner is placed 
before the focusing optics (see Fig. 1). 

CCD^ 
Camera 

: connector 

»II 
Scanned ^face'*^i&i__ 
 if * 'f^rra?7 

x
 Illumination 

Ring 

Figure 1- Compact multi-sensor laser scanning head SI 
is the temperature sensor composed of two photodiodes (Si 
and Ge) in a sandwich configuration. S2 is the plume 
sensor, S3 detects the back-reflected light ofNdiYAG on 
the irradiated part, andS4 is the monitoring sensor for the 
laser to detect pulse shape. 

The optical fiber is fixed on the head by means of the 
fiber connector. The laser beam is collimated by a first 
lens and is then steered and accurately positioned by the 
scanner. The focusing lens has been designed to replace 
commercial cumbersome scanning lenses such as F-9 
lenses, which have large volume, weight and price. This 
new lens guarantees a constant shape of the spot all over 
the scan surface and is specially well suited for high 
power beam delivery. A ring composed of 20 LEDs 
emitting at a wavelength of 620 nm is fixed around the 
lens and is used to illuminate the working plane as 
indicated in Fig.l. This configuration provides a 
homogeneous and optimised illumination for the vision 
module. The CCD camera is mounted on the system to 
monitor the working plane, as e. g. for aim and shoot 
applications. A set of Silicon and Germanium sensors are 
mounted on the optical head to determine the evolution of 
temperature, the plasma, the back reflected light and the 
pulse shape during the spot welding process. The laser 
source used in the experiments is a pulsed Nd:YAG laser 
150/220W (Lasag SLS 200) and the optical fiber has a 
fiber core diameter of 200 u,m. 

2. Single mirror tip-tilt scanner 

In order to construct a compact high performance scanner, 
the different components must be carefully optimized. In 
this sense, the moving part, essentially the mirror and the 
actuators must be designed to minimal inertia for 
maximum motor force and mechanical stiffness. Moving 
magnet linear motors arranged in a push-pull, pure torque 
delivering configuration are used as actuators. A cone-ball 
bearing with a (half) sapphire ball glued to the moving part 
and a POM cone on the stationary part assumes a 
minimum friction and maximum rigidity suspension. 

Figure 2- Compact single mirror tip-tilt scanner with 
housing removed. The overall dimensions of the scanner 
are 30x40x50 mm. 
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The figure 2 shows the scanner with removed outer 
housing, the mirror and the motor coils can clearly be 
seen. Two preload fixed holding magnets take the mirror 
securely in place even in an upwards down configuration 
and hold the rotation around the mirror axis fixed, leaving 
only the two desired tip and tilt rotations free. As no 
elastic restoring force is present, the scanner can only be 
used in a closed control loop configuration. The actual 
mirror position is measured with a laser light pen reflected 
by the back mirror surface and falling onto a 2- 
dimensional position sensitive detector (PSD), yielding the 
two electrical position signals for the closed loop control. 
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Figure 3- Closed loop frequency response of the single 
mirror tip-tilt scanner. 

The figure 3 shows the closed loop response for the 
scanner and the figure 4 the response to a step input, for 
both axes. The maximum settling time for a full-scale step 
input remains less than 10 ms, permitting thus e. g. high 
cadence spot welding. 
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Figure 4- Step response of the single mirror tip-tilt 
scanner for maximum deviation, in x andy direction. 
3. Scanner optics 

Pre-objective laser scan systems are found in industries 
ranging from graphic arts to semiconductor manufacturing. 
They are found in devices as diverse as laser engravers and 
document scanners. In this configuration, the head is 
placed before the focusing optics. Pre-objective scanning 
requires flat-field lenses such as "F-Theta" lenses. What 
makes such laser scan lens unique is the combination of a 
flat image plane, a wide angular field, and a linear 
relationship between input scan angle and the 
displacement of the laser focus on the target field. The 
scanning spot will therefore, move along the scan line at a 
uniform velocity. In addition, laser scan lenses are 
designed with an external aperture stop, apodized pupil 
illumination, and for operation in monochromatic light 
[Melles Griot]. However, the drawbacks for such lenses 
are their high price, their bulky design and the high 
chromatic aberrations causing difficulties with vision 
systems. 
The new lens guarantees a constant shape of the spot all 
over the scan surface (see figure 5). This feature is 
extremely important in material processing applications 
because the shape of the weld spot determines the quality 
of the process. The focusing lens has a focal length of 100 
mm and can reach a scan field of 25mm x 25mm.. 

200 ^m spot     (_) (~J (~) (J) 

0° tilt 
0 mm 

1.6° tilt 
5.6 mm 

2.5° tilt 
8.75 mm 

0.8° tilt 
2.8 mm 

o 
Figure 5 - Laser spot simulations. The four spots on the 
upper row are the result of a 200/jm core diameter fiber 
output imaged with the new triplet lens, at different 
locations of a flat scan field.. The new lens guarantees a 
constant shape all over the surface. The first spot to the 
left is the centre of the scan field. The mirror is then tilted 
by 0.8°, which causes a displacement of the spot on the 
surface of 2.8mm. The four spots on the lower row are the 
spots using a standard doublet lens. The distortion of the 
spot increases as it leaves the centre of the scan field. This 
is due to the scan line curvature typical for pre-objective 
scanning. 

4. Sensors and process monitoring. 

Based on the different signals measured by the set of 
sensors, a classification, an off-line control or a closed 
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loop feedback control can be used to monitor the quality of 
spot welds. The output signals of the different sensors are 
indicated in Fig. 6. The amplitude of the signals indicated 
in Volts depends on amplifier gain "K„" of each sensor 
and the energy transmission coefficient "tn" along the 
different optical paths of the sensors. Therefore the 
different amplitudes can only be compared to each other if 
each sensor is multiplied by its relative Knxn product. The 
laser pulse duration in this case is 4.5 ms with a flat-top 
shape as determined by the laser monitoring sensor (S4). 

o > 
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- Temperature Si (S1 A) 
- Temperature Ge (SI ß) 

- Plume emission (S2) 
- Laser mcjiihormu (S4> 
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Figure 6- Output signals of the back-reflected Nd.YAG 
light, Si and Ge temperature sensor, the plasma detection 
signal, and the laser monitoring signal. 

The reflected Nd:YAG light on the working sample that 
returns back in the optical head as indicated by sensor (S3) 
reaches a peak value at the melting point of the material 
that is processed. The amplitude of the signal drops then 
significantly, due to the molten pool that forms into a cup 
scattering the reflected light and hence reducing the 
amplitude of the back-reflected light in the head. 
On the other hand, the plume sensor has a different 
behavior as its amplitude increases with time during the 
laser pulse. The amount of plume detection is also an 
important information to determine the quality of spot 
welds. 

European project entitled "Multi-Sensor Assisted 
Intelligent Laser processing (MAIL)" has been run 
successfully in the frame of an international collaboration 
with several partners The aim of the project was to 
improve the reliability of micro-spot laser welding of 
metal parts in production, by the development of a self- 
learning real-time feedback control system. The basic 
problem of this technology is how to attain the part per 
million (PPM) defect level needed for wider industrial 
applications. The two main defect sources are the position 
tolerances of the products and the variation in their surface 
conditions. That is why the compact scanner developed in 
this work represents a key module in this application for 
the aim and shoot system that recognizes the joint position 
and adjusts the actual laser spot position. The scanner is 
mounted on a multi-sensor real time monitoring optical 
head to be able to control on line the quality of the spot 
weld. Active control of the weld pool temperature with a 
Ge-detector e. g. results in an important improvement of 
the reproducibility of copper welds and at least two times 
less dispersion in the final weld diameter. 
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5 Laser spot welding 

Laser micro-spot welding has a wide variety of 
applications in micro-mechanics and electronics such as e. 
g. in automatic fabrication of electron guns for TV picture 
tube and printed circuit boards with solder joints. A 
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PulsESPI, combined with an innovative beam deliver device, may enable obtaining a 
very accurate control sensor to determine with improved accuracy some of the laser material 
processing parameters like the geometry of the keyhole and cutting kerf in real time. 
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1.    Introduction 

We discuss a possible innovative sensor to measure 
several Laser Material Processing (LMP) parameters in 
real time, like keyhole geometry, seam weld track and 
joint width and thickness. Many mathematical models 
have been introduced insofar to describe LMP procedures. 
Modeling should not be confined to its theoretical results 
[1] but be essential to set the laser process parameters. 
Measuring and monitoring systems shall have enough 
accuracy to interact with the model results and provide 
real time information to correct errors generated by 
several factors, like mathematical approximations of the 
model and limits of the device. Misalignments introduced 
by the laser work handling mechanical tolerances, 
unexpected non-uniformity of the material morphology 
may contribute to alter the expected results. 

The development of new LMP methods, especially 
the   fabrication   of   micro-components,   requires   also 
extremely precise and accurate real time controls. 
The above discussion justifies the quest of new, complex 
and more precise and accurate devices. Instruments that 
monitor and measure in real time laser material processing 
parameters for procedures from cutting to ablation, from 
soldering to welding and heat transformation hardening. 
An ideal device shall monitor without contact, with very 
high response-speed and good accuracy, all the 
geometrical components of the weld, cutting kerf and 
surface quality and flatness of hardened materials. Optical 
devices using laser sources and generating interferometric 
optical fringes can match the required qualities. 

2.    Devices measuring LMP parameters. 

Current optical devices do not show a high level of 
accuracy but their performances are accepted. Systems, 
based on interferometric fringes analysis appear more 
accurate but limited by the presence of hot keyhole 
plasma, while they perform better measuring cutting kerf, 
surface quality and flatness of laser hardened materials. 

2.1 Optical non-interferometric methods. 
Majority of optical systems is based on direct 

detection of the keyhole or cutting kerf by a solid state 
CCD camera. An interesting device [2] exploits the 
information provided by spatially distibuted intensity of 
electromagnetic radiation emitted by the process under 
control. The system consists of a high-speed camera 
mounted on the housing of the focusing laser optic. The 
camera optical path is aligned with the laser beam path. 
The device detects the light intensity variations across the 
keyhole or cutting kerf along the x and y-axis and with the 
help of a proper algorithm correlates the intensities with 
the z-axis. The system is mainly suitable for keyhole 
welding of thin blanks. Electromagnetic noise, mechanical 
and thermal instabilities may also influence the 
measurements, although partially compensated by the 
high-speed data collection (image recording > 2900 
frames/second). 

An infrared, processing monitor is used during surface 
transformation hardening procedures [3]. There is a linear 
relationship between the DC monitor output and the 
achieved hardness and case depth. The same device can 
track   "changes in surface quality or flatness of the part 
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that is being treated"  [3]  but vibrations and thermal 
effects, like schlieren, may limit the accuracy. 

2.2 Interferometric methods. 
These are interesting because optical fringes are 

generally multiples of X/2, A, is the source wavelength. 
Lasers increase the fringes contrast and resolution thus 
enabling to use digital techniques to analyze and interpret 
them, without compromising resolution and accuracy of 
the measure. Furthermore these devices offer a very large 
response bandwidth thus ensuring real time 
measurements. 

Several laser-based methods to generate 
interferometric fringes are available [4]. Besides classical 
interferometers (i.e. Michelson, Farby-Perot, Twymann- 
Green) fringes can be produced using speckle, holography 
and shearography. Sheargraphy has been proposed to 
monitor in real time the weld track and the generation of 
surface porosity [5, 6]. Conventional interferometers 
require mirror-like surfaces for good fringe resolution. 
CW and pulsed holography give best results when 
surfaces are temporarily white coated in order to ensure a 
uniform reflectivity so that fringes are generated with 
almost the same intensity contribution of the two 
separated beams. Sensitivity to misalignments and 
mechanical vibrations are limits of conventional 
interferometers and holography, CW and pulsed. This is a 
serious problem for their application in LMP where 
Electro-mechanical actuators are source of vibrations. 

When a highly coherent laser beam impacts a surface 
its natural reflection and unevenness generate a set of 
back-reflected beams interfering with the main beam. The 
result is a granular beam on the impacted surface [7]. Off 
plane variations of the surface influence shape and 
distribution of the "speckle grains" thus enable to 
correlate this change with the geometrical variations 
generated by deformations or vibrations. ESPI has as very 
large response bandwidth and the possibility to quantify 
geometrical deformations, while shearography enables to 
detect surface defects, generated by strain deformations. 
Pulsed-ESPI has attracted our interest due to its 
characteristics that appear superior to shearography and 
will be described in the next sections. 

3.   The proposed device 

The sensor exploits an interferometric principle known as 
Pulsed-ESPI. The laser light back reflected from the 
keyhole surfaces generates the fringes. The sensor can be 
divided in three parts, each of them discussed here below. 
The first is the laser projector that produces the optical 
phenomenon to be exploited. The second is the 
transmitting optic that projects the laser beam into the 
keyhole and detects the back-reflected signal into the 
CCD camera.   Third is the optics and electronic receiving 

system,   including also the fringe analysis software. See 
figure 1. 
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Fig. 1 Block Diagram Of the Innovative Device. 

3.1 The projector configuration 
Methods that enhance the accuracy of the above- 

described system are basically ESPI (Electronic Speckle 
Pattern Interference), Puls-ESPI, and .TV-Shearography. 
3-D ESPI requires 3 laser sources. TV-Shearography has 
good accuracy and less sensitivity to vibrations but 
thermal effects and depth of focus may be a limiting 
factor. Puls-ESPI requires a high energy Ruby laser but 
given the very small dimensions of the keyhole 
(maximum 20-mm depth by 0.1-mm diameter) a green 
Nd:YAG DPSS or a blue pulsed semiconductor laser 
maybe also considered. Puls-ESPI combines the 
advantages of conventional Pulsed Holography and ESPI. 
Fringes can be recorded in few nanoseconds thus the 
sensor is less sensible to thermal schlieren and low 
frequency vibrations. The investigating beam in Puls-ESPI 
is transmitted through optics while the reference beam is 
transmitted through fiber optic and this fits in the 
configuration of the beam delivery system that we have 
adopted. Puls-ESPI enables to obtain a full picture of the 
laser process geometry, measuring also contour profiles of 
the seam joint before and after welding. Live-display of 
fringes keyhole in 3-D is obtained using FRAMESplus 
software. A fringe image of a cylindrical hole on a metal 
sheet is stored in the PC. This hole has the diameter fitting 
in the minimum waist of the keyhole, derived from any 
theoretical model available. The effective keyhole 
geometry will be then detected as a deformation of the 
original cylinder, given the micrometric dimension of the 
measure. 
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3.2 The transmitting optics 
The transmitting optics is a double inclination flat mirror 

that deflect, the High Power (HP) and Low Power (LP) 
laser beams with different inclinations as visible in Figure 
2. 

High Low 
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Sensor 
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100% 
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100% Reflecting Flat Mirrors 
Compensating wedge 

workpiece 

Fig. 2  The transmitting optics 

Mi, M2 act as a roof (penta) prism but with a wider error 
acceptance angle (10' of arc), this enables the LP and HP 
beams to mix avoiding optic aberrations. The wedge 
compensating optics acts to correct the inclination of the 
LP beam. The LP back reflected beam follows the same 
path. This design can be particularly appreciated working 
with HP C02 laser beams. The laser head formed by M,, 
M2 can rotate around the optical axis. A third reflecting 
mirror (not visible in figure 2) introduces another axis of 
freedom without disturbing the alignment, LP and HP 
beams [8]. A conventional lens focuses the HP laser beam. 
LP and HP depth of focus can be adjusted simultaneously 
or independently, accordingly to the application. The 
focusing lens of the LP is not shown since it is assumed 
integrated in the zoom lens assembly of the CCD camera. 

3.3 Sensor Mathematical Model 
A specific mathematical model for PulsESPI does not 

exist yet. We are developing software to be interfaced 
with the LMP models available for simulation of the 
process. Development and description of this model is 
beyond the scope of the present work, nonetheless we 
underline some cardinal points here below. A first 
approach is to correlate the models of ESPI and pulsed 
holography [7, 9], then we intend developing the relation 
given by M. L. Vest [10] and here reproduced: 

where MT is the characteristic function of the specific 
setup, K is the sensitivity vector, which is related to the 
illumination conditions, A and AR are amplitude vectors 
of the object and the reference beams while J0 is the zero 
order Bessel function. 
From literature [7, 9] we have for the off plane 
displacement measure, A2: 

Az = N[X/(l +cos8)], N = 0,±l,±2,±3,. (2) 

where X is the laser wavelength of the PuslESPI projector 
and 0 = lj"0i the angle of the illuminating beam. In the 
proposed setup 0 = If 0j = 90° therefore (1) reduces to: 

AJ ■s'PulsESPI ' ■NX, N = 0,±l,±2,±3, (3) 

While for the double pulse holography applied to a 
component in movement we have to consider that the 
virtual images of the hologram (reconstructed on the CCD 
plane) are modulated by a fringes system described by the 
square of the zero order Bessel function. The following 
relation may express thus the characteristic function, MT: 

MT = J0{(K«A)2-(MR)2-2(K«A)MR cos((>R] 1/2, 
(4) 

being MR the modulation depth of the illuminating beam 
and <j>R the associated phase shift. 

3.4 Advantages   of  the   proposed   device 
The proposed solution has the following advantages 

and innovations: 
1. Higher accuracy. It works on fringe detection and not 

on direct pixel sensitivity. 
2. Improved   behavior  against  thermal   schlieren  and 

vibrations induced by the work handling. 
3. Improved     flexibility.     No     misalignments     or 

cumbersome positioning systems. 
4. The field of view of the CCD camera is not affected 

by the diffraction introduced by any small aperture. 
5. Real time measure of the LMP parameters like weld 

depth, joint width and thickness. 
6. Measurements   can   be   recorded   and   stored   for 

comparison with theoretical models. 

3.5 Disadvantages of the proposed device 
1. 
2. 

I = |MTI2 = Jo2(K«A-K«AR) (1) 

High output power of the PulsESPI laser source 
Effects of plasma glare [11] (drilling, cutting and 
welding)       and       metals       high       temperature 
electromagnetic   emission    (surface   alloying   and 
transformation hardening) 
Thermal Schlieren, for example inside the keyhole 
Necessity of narrow band filters [11] 
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3.5 Results on a simulated keyhole 5.     Acknowledgments 

Fig 3 shows a hole in a metal plate. Figure 4 shows 
the corresponding fringes obtained with a 1D-ESPI setup 
using the 532 nm wavelength of a Nd:YAG frequency 
doubled. The hole has a diameter of 3.5 mm in a 4 mm 
aluminum plate. Reference frame is the plate before drill. 

Fig. 3  Simulated keyhole 

Fig. 4  Fringes filtered by FRAMESplus 

4.   Conclusions 

Early work on a hole with 1D-ESPI is an encouraging 
result for further developments on real keyhole during 
laser welding sessions. Work is in progress to carry these 
tests with PulsESPI. Also the development of a suitable 
model for PulsESPI is in progress. Once the experimental 
side will prove satisfactory we will revert to the selection 
of the best mathematical model of keyhole welding and, 
finally confront the results between the predicted and 
measured keyhole. The last step will be to define the 
algorithms to realize a universal adaptive control for laser 
material processing and implement it. 

The authors are particularly thankful to Engineer 
Iftikhar and Mr. Mazhar Ishaque for the drawings and 
typesettings, to Miss Tanja Boheme for the great support 
in handling and coordination of e-mail messages, to Mr. 
Sixt and Engelsberger for the practical and experimental 
work. Finally to Dr. Ashraf Atta and Dr. Sheik Shahdin to 
have allowed the production of some,early work of the 
Laser Group directed by them. 
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Micro soldering using a YAG laser 
- On lead-free solder - 
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Solderability of conventional Sn-37Pb solder pastes and Pb-free alloys (Sn-43B1 and Sn-2Ag-5Bi-0.5Cu) were 

examined on micro soldering using a YAG laser. Experiments were performed in order to determine the range of 

soldering parameters of a laser power density and an irradiation time for obtaining an appropriate wettability based 

on a visual inspection by a Japanese Industrial Standard. And the laser soldering processes were monitored by 
measuring temperature change inside solder joint (solder and Cu pad) and on a surface of a chip component. Next 
joining strength of chip components for surface mounting soldered on printed circuit board (glass epoxy) was tested 
on application thickness of solder paste (0.2, 0.3, and 0.4 mm). In addition, joining strength characteristics at 
different power density and materials were examined around thermal shock test by the gas phase method. As a result, 
characteristics of Sn-Ag-Bi-Cu (Pb-free) solder paste are equivalent to that of Sn-Pb solder paste. 

Key Words: laser soldering, lead-free solder, joining strength, strength evaluation, and YAG laser 

1. Introduction 

Soldering technology is central to junction technique, 
which is itself vital to production engineering in the 
electronic industry. Micro-soldering, a small-scale junction 
technique, is in particular attracting considerable attention, 
as a result of the contemporary trend in the electronics 
industry aiming at the realization of high density surface 
mounting of printed circuit boards. At the present stage of 
technological development, improving the reliability of 
micro-soldering technique is a major goal. 

The essential characteristics of the laser soldering 
method are two: ease of focusing the input beam on the 
prescribed portion of the target, with good accuracy of 
positioning; and ease of control of the input energy required 
by process (in the case of CW lasers, by controlling the 
output power and irradiation time). 

Thus, in the laser soldering method, heat effects around 
the work juncture point can be kept to a minimum by 
determining the optimum irradiation condition of the laser 
(i.e. with regard to output power and irradiation time). On 

account of these merits, there is now a steadily increasing 
trend towards applying the laser soldering method to the 
soldering of electronic parts very sensitive to heat damage, 
such as those in FPIC (Flat Package Integrated Circuit). 
Although laser soldering technology does not yet have a 
long history, a long and effective future as a micro-soldering 
technique in the production of high density mounting of IC 
and LSI may be predicted for it. 

Recently, lead and its compounds in the most common 
solder such as 63Sn37Pb have been demonstrated to be 
highly toxic. For environmental reasons there has been a 
push to develop lead-free solder alloys to find alternatives to 
Pb-bearing solders in the United States, Europe, and Japan. 

In this paper, two lead-free solder alloys were studied 
to establish its feasibility for potential applications in the 
electronics industry. For comparison eutectic material 63Sn 
37Pb was used as a standard solder alloy. 

Here we have experimentally determined the range of 
soldering parameters of a laser power density and an 
irradiation time for obtaining an appropriate wettability 
based on a visual inspection by a JIS. In addition heat effects 
on the soldered junction were examined when a laser beam 
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irradiated solder paste printed onto an electronic circuit 
substrate. The temperatures of small portions of the substrate 
and of the solder were measured using thermocouples. Next 
joining strength of chip components for surface mounting 
soldered on printed circuit board was tested on application 
thickness of solder paste. In addition, joining strength 
characteristics at different power density and materials were 
examined around thermal shock test by the gas phase 

method. 

2.   Experimental 

The YAG laser beam with multi-mode passes through 
an aperture of diameter of 3.5 mm, is bent to 90 degree by a 
prism, is focused using condenser lens of focal length of 
48.5 mm, and irradiated onto the surface of the sample by 
means of defocus. At this point, the irradiation beam spot 
diameter is 2.8 mm. The laser beam is irradiated over the 
entire surface the 2 x 2 mm2 area of solder paste. 

Irradiation time is controlled by means of a mechanical 
shutter inside the laser resonator. The mechanical shutter has 
response time of 50 msec when it is operated by a 
microcomputer. A copper pad printed onto a substrate of 
glass reinforced epoxy being etched to a size of 2 x 2 mm , 
as shown in Fig.l, the Sn-37Pb solder pastes and Pb-free 
alloys (Sn-43Bi and Sn-2Ag-5Bi-0.5Cu) are printed by 
means of a metal screen to form a layer of a thickness of 0.2, 
0.3, and 0.4 mm on the copper pad. Chromel-alumel 
thermocouples (K type) of a wire diameter of 0.05 mm are 
applied to the surface of substrate sample, and the increase 
in temperature in each portion of the sample is measured. 

Thermo 
(*=0 

Solder past 

Cu pad 

Chip capaci tor 

Solder 

Cu pad 

Substrate 
(Glass-epoxy:t=1. 6mm) 

Fig.l Sample form of laser soldering 

The contact point of the thermocouple is brought into 
contact with the surface of solder paste and with the surface 
of the copper. Figure 2-1 shows the sample used in the 
experiment to examine the heat effect on the chip capacitor. 
Here the thermocouples are applied to the chip capacitor 
with a small amount of bond. The laser irradiation is done 
only on the side of the solder paste that adheres to the chip 

capacitor. 

Chip capacitor 

Solder pas 

Cu pad 

hermo couple 
d>=0.05mm 

Substrate 
(Glass-epoxy:t1.6) 

Fig.2-1   Chip Capacitor 

Thermo couple 
(4>=0.05mn0 

Solder paste 

Cu pad 

Substrate (Glass-epoxy:t1.6) Substrate (Glass-epoxy:tl.6) 

Fig. 2-2 Solder Fig.2-3 Cu Pad 
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In order to record the temperature high-speed changes 
during irradiation, the electromotive power of the 
thermocouple is transformed using an A/D converter and is 
recorded by the microcomputer as temperature data. Argon 
gas as an assistant gas is blown at 10 //min onto the 
soldering area, in order to keep the samples in an 
atmosphere of inactive gas, which removes materials 
evaporating from solder paste in the soldering area, thus 
avoiding any laser irradiation power loss that these might 
cause. The rise in temperature in each part of the sample is 
measured before, during, and after irradiation. 

3. Experimental Results and Discussion 

Figure 3 shows the temperature change of a copper pad, 
solder and a chip capacitor caused by the laser power density 
of 500 W/cm2 and the irradiation time of 0.2 sec. It may be 
assumed that when the surface of the copper pad was 
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Fig. 3 Temperature change measured using 
thermocouple as shown Fig. 2. 

irradiated by the laser at the power setting shown, once the 
copper reached the melting point of the solder, all the solder 
present upon it melted, and soldering was successfully 
completed. 

It can be seen that the solder melts in irradiation 
conditions such that the temperature of the surface of copper 
pad reaches the melting point of the former in Fig. 3. The 
greater laser energy is required when the laser irradiation 
power is lower, and the irradiation time longer. Heat effects 
on the substrate are decreased for higher power densities of 
laser irradiation and for shorter times of irradiation. Useful 
increase of irradiation power does, however reach a limit, 
the reason being that the solvent in solder paste evaporates 
instantaneously during brief rapid heating. It is, therefore, 
concluded that an understanding of the material properties of 
the solder paste is important, and decisions concerning 
conditions for optimal heat input are necessary if the heating 
condition is to be made to conform to the property. 

One of the methods that evaluate solderability is that 
contact angle of wetting is measured and from this the 
properties of the solder connection are estimated. Contact 
angle is defined as shown in Fig. 4. The reliability that 
made a decision according to the information of contact 
angle of the solder connection are examined in laser 
irradiation time range of 0.1 to 2.0 sec, and laser power 
densities of 200 to 500 W/cm2 as shown in Fig. 5. Judgments 
of evaluating the solder connection for the contact angle and 
visual inspection are according to JIS (C 0054). 

02, .Chip capacitor 
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^    Cu Pad 

Fig. 4 wetting angle 0 
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Fig.5 Results of visual inspection test 
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Fig. 6 Outline of joint strength test 

/cm -0.5s(before) 
200W/cm2-0.5s(after) 
500W/cm -0.2s(before) 
500W /cm -0.2s(after) 
Oven(before) 
Oven (after) 

Sn-Pb 
0.2     0.3      0.4 

Solder thickness(mm) 

1 A 200W/cm -0.5s(before) 
- A 200W/cm2-0.5s(after) 

500W/cm2-0.2s(before) 
500W/cm2-0.2s(after) 
Oven(before) 
Oven(after) 

j  Sn-Ag-Cu-Bi 
0.2     0.3     0.4 

Solder thickness(mm) 

ü 100W/cm -1.2s(before) 
D 100W/cm -1.2s(after) 
■ Oven(before) 

Oven(after) 

.4 Sn-Bi 
13     0.3 

Solder thickness(mm) 

Fig. 7 Strength of solder joint 
(before): before thermal shock test 
(after): after thermal shock test 
Oven : conventional reflow method 
W/cm2: laser power density 

For the reliability tests, soldered test boards were 
loaded by thermal shock between -55 and +125 C. The test 
was followed by using MIL standard, MIL-STD-883C. The 
duration of one cycle was 20 minutes. The holding time 
under the atmospheres at the lower and upper temperatures 
was 10 minutes. No power was provided to the electronic 
component during the temperature cycling. On solder joints 
of chip components (2 x 1.25 x t0.5 mm) additionally the 
shear forces (push-off force F) as shown in Fig. 6 were 
determined with a force gauge before and after thermal 
shock test. The influence of laser power densities, thickness 
of printed solder paste, and heating process on the strength 
of the solder joints were compared as shown in Fig. 7. The 
results show that the joint strengths increase with increasing 
the printed solder thickness. The highest values are reached 
for Sn-Ag-Cu-Bi, followed by Sn-Pb and Sn-Bi. 

Summary 

YAG laser soldering system was constructed capable of 
transmitting laser beam to the working point and controlling 
laser power density and irradiation time. The laser soldering 
was operated successfully without any thermal damage on 
chip components and the substrate. Based on these results it 
can be concluded that Sn-Ag-Cu-Bi is suitable for use as 
alternative solder to Sn-Pb standard alloys. 
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Plasma Behaviors in Laser Cutting 
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Behaviors of the plasma, the emission intensity, distribution, source and species were evaluated using 
a high-speed video camera, a color CCD camera, and a spectrum multi-channel analyzer. It was found 
that a strong blue radiation from iron atoms of workpiece, nitrogen molecules or ions of a gas jet, when 
the cut surface quality was not acceptable. As cutting speed increased, plasma formation region where a 
laser beam was focused was more extended. It was found that flow speeds of molten material at bottom in 
which the plasma was induced became slower than those of top and middle points. Also, scattering angles 
of molten material droplets at a bottom exit of a kerf became larger and, at the same time, reattachment of 
molten material at the bottom was observed. Moreover, it was found that additional branches of the flows 
of molten material with smaller and darker droplets were formed intermittently, and that parts of the 
branches of the flowing droplets were being attached as dross to the bottom edges. From these results, it 
was confirmed that the plasma formation (region) and sizes and angles of striations (cut surface quality) 
were strongly correlated. Possibilities of the in-process evaluation of the cut surface quality by monitoring 
the plasma sizes and/or brightness in laser beam cutting were discussed. 

Keywords: Laser cutting, Plasma formation, Plasma behavior, High-speed camera, Cut surface quality 

1. Introduction 

Laser cutting is a thermal process that results in higher 
quality and precision than other thermal processes. In the 
cutting process, a focused laser beam impinges on material 
surface and melts and/or evaporates the irradiated point, and 
at the same time a coaxial gas jet to the laser beam is ejected 
to the point blowing the molten and/or vaporized material off 
through a cutting kerf. It has been observed that a strong 
electromagnetic wave and a pressure wave (acoustic wave) 
are emitted from the cutting point of the workpiece during 
the cutting process [1 - 4]. Especially gaseous substances 
emitting visible lights of the electromagnetic wave are often 
termed as "plasma", which is a term generally used for 
gaseous luminous substances. However, there have been little 
efforts for identification of their species, behaviors, and 
mechanisms of their formation [4]. It is assumed for sources 
of the emission of this type to be; 1) workpiece (solid state, 
liquidized state (molten material, or molten metal in most 
cases), vaporized state (atom, molecule), plasma), 2) a gas jet 
(atom, molecule, plasma), and 3) surrounding atmosphere, 
etc. From these points, the light emitted from a cutting point 
must be containing significant information relating to a state 
of the point, such as chemical species, temperature, density, 
etc. It is therefore very important for an acquisition of the 
state of the cutting point to observe and to measure 
characteristics of the plasma precisely. 

In this study, characterization of the plasma induced in 
laser cutting was performed. First of all, radiative behaviors 
of the plasma for various cutting conditions were observed, 

and then, investigations of the emission mechanisms were 
performed through measurements of the emission intensity, 
position, and identifications of possible species of radiation. 
Also, a correlation between the radiative phenomena and 
cutting performance, such as cutting speed and cut surface 
quality, were investigated. Moreover, possibilities of in- 
process monitoring of laser cutting using the emission signals 
from the cutting point were discussed. 

Molten material shower 

Fig.l Schematic drawing of laser cutting. 

2. Experimental 

In this study, a 6 kilo-watt C02 laser machine (Nippei 
Toyama with Fanuc C6000B) was used. The workpiece used 
in study was stainless steel (SUS316L) of 8 mm thick, and a 
focal point of a laser was set at the bottom surface. A 
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convergent-divergent nozzle of $3.2 mm in diameter was 
used, and nozzle-workpiece distance was kept constant, 1.5 
mm. In general laser cutting, suitable conditions of laser 
pulses, i.e. pulse energy, frequency, duty factor, are selected 
for preferable cutting conditions of workpieces [1 - 3]. 
However, in this study, laser beam conditions in each cut 
were set constant, laser power: PL = 6 kilo-watts (continuous 
wave), cutting speed: Vc = constant, feed pressure of a gas 
jet: Ps = constant, to observe and to characterize dynamic 
behaviors of plasma itself induced in laser cutting. Nitrogen 
gas was used for a coaxial gas jet to a laser beam, and the 
maximum feed pressure was set ~ 1.3 MPa. In this 
experiment, observations of emission intensity, position, 
distribution, and behavior of plasma induced at a cutting 
point were performed using the highspeed video camera 
(PHOTRON : Fastcam-ultima-uv (40500 fps, 24.6 
^sec/frame)), the color CCD camera (SONY: CCD-V700 (30 
fps, 100 fisec/frame)), and the spectroscopic multichannel 
analyzer (HAMAMATSU: PMA-50) for various cutting 
conditions of laser power: PL, cutting speed: Vc, and feed 
pressure of a ges jet: Ps. 

(a) Vc = 1.5 m/min (b) Vc = 2.5 m/min 
(Fine quality cutting)       (Poor quality cutting) 
Fig.2 Color CCD camera images of laser cutting 

(View direction: -y (30 fps, 100 ps/f), Laser power: 
PL = 6 kW (CW), Nitrogen gas jet: Ps = 1.3 MPa, 
Workpiece: SUS316L(f:8mm), Vc: Cutting speed). 

3. Results and Discussion 

3.1 Characteristics of Plasma Emission 
Color CCD camera images of a cutting front and induced 

plasma viewed from - y direction are shown in Fig.2. As 
shown in Fig.2(a), an orange radiation was observed in a 
cutting kerf of a workpiece and also under the kerf exit when 
the cutting condition, i.e., laser power, cutting speed, 
focusing point, feed pressure of a gas jet, etc., was in a range 
of preferable (higher) quality cut surface. It was confirmed 
from the spectroscopic diagnostics that the orange light is 
irradiated from surface of molten material. On the other hand, 
when the cutting condition was not in a good range, i.e., the 
cut surface quality was not acceptable, a strong blue radiation 
was observed inside a cutting kerf of a workpiece as shown 
in Fig.2(b),. It was found from the spectroscopic diagnostics 
and possible atoms, molecules or ions which may exist at the 
cutting point, that the blue light is irradiated from iron atoms 
of workpiece, nitrogen molecules (N2: 1st Positive System 
and 2nd Positive System) or ions (N2

+: 1st Negative System) 
of a gas jet [4-6]. 

3.2 Plasma Behaviors in a Cutting Kerf 
Photos of plasma behaviors in a laser cutting kerf 

observed with the highspeed video camera from - y direction 
are shown in Fig.3 (Cutting speed: Vc = 1.5 m/min, (b) Vc = 
2.0 m/min, (c) Vc = 2.5 m/min). From Fig.3, it can be seen 
that the radiative sources are roughly divided into three types 
as follows; 1) plasma induced inside a cutting kerf (at a 
cutting front or cut surfaces), 2) molten material running 
downwards inside a cutting kerf, and 3) molten material 
scattering out of a cutting kerf. In a case of Fig.3(a) Vc = 1.5 
m/min, no reattachment of molten material, or dross, at 
bottom edges of a kerf exit was observed, and the cut surface 
quality was the best among the whole conditions in this 
experiment. In Fig.3(a), it can be seen that a small bright spot, 
or plasma, is induced at the bottom of a cutting front in 
which a laser beam is focused. In this case, it was found that 
flow speeds of molten material at top, middle and bottom in a 
kerf were almost same, ~ 11 m/sec. Also in this case, the 
flow of molten material concentrated into the size less than 
the kerf width below the kerf exit, and the flow speed 
estimated was about the same as the flow speed inside the 
kerf. 

In the case of faster cutting speed condition, Fig.3(b) Vc 
= 2.0 m/min, a little reattachment of molten material at 
bottom edges of the kerf exit was observed, though the cut 
surface quality was not very low. In this case, it can be seen 
that a range of plasma formation around which a laser beam 
is focused is more extended than the case of Fig.3(a), and 
also that two bright points are induced vertically. It was 
found from the pictures that flow speeds of molten material 
at top and middle points inside a kerf were constant, ~ 11 
m/sec, while the flow speed at bottom in which the plasma 
was induced became slower, ~ 2 m/sec. Also it was observed 
that at the bottom exit of the kerf the flow of molten material 
is spreading intermittently. With much faster cutting speed, 
Fig.3(c) Vc = 2.5 m/min, through penetration of cutting was 
no longer possible after cutting a few centimeters, and at the 
same time a strong blue radiation as shown in Fig.2(b) was 
observed. In Fig.3(c), plasma is induced at a higher position 
in depth, or around a middle point, inside a kerf, and its 
emission intensity is stronger than Fig.3(a) and (b) cases. 
Also it was observed from the pictures that flow speed of 
molten material was about the same, ~ 11 m/sec, in region 
from top to the point in which the plasma was induced inside 
a kerf. However, at the plasma formation region the flow 
speed of molten material became extremely slow and the 
molten material flow was standing. At the kerf bottom exit, 
wider scattering of the molten material with increasing the 
cutting speed was also observed. 

3.3 Motion of Molten Material Scattering at a Kerf Exit 
Color CCD camera images of scattering molten material 

below a bottom exit of a kerf observed from - z direction 
(see Fig.l) for the same conditions as Fig.3 are given in Fig.4, 
in which cutting speeds are (a) Vc = 1.5 m/min, (b) Vc = 2.0 
m/min, and (c) Vc = 2.5 m/min, respectively. In Fig4(a), Vc = 
1.5 m/min, each droplet of molten material is larger, emitting 
stronger light, and its scattering angle is likely constant, 
compared to other cases, Fig.4(b) and (c). On the other hand, 
it was found that as cutting speed increases, as Fig.4(b) Vc = 
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(a)Cutting speed:Kc=1.5m/min    (b)Cutting speed:Fc=2.0m/min    (c) Cutting speed: Fc=2.5 m/min 
Fig.3 Highspeed camera images of laser cutting (View direction: -y (13500 fps, 74 \xs/f), 

Laser power: PL = 6 kW (CW), Nitrogen gas jet: Ps = 1.3 MPa, Workpiece: SUS316L(f:8mm)). 

1 Wotkpiccc 

Catting ftont 

(a)Cutting speed:Kc=1.5m/min      (b)Cutting speed:Pc=2.0m/min     (c)Cutting speed:Kc=2.5m/min 
Fig.4 Color CCD camera images of laser cutting (View direction: -z (30 fps, 100 \is/f), 

Laser power: PL = 6 kW (CW), Nitrogen gas jet: P5 = 1.3 MPa, Workpiece: SUS316L(f:8mm)). 

(a) f = (0 (b) f = f„ + 4.1 msec (c) f = t0 + 20.9 msec 
Fig.5 Highspeed camera images of laser cutting (Process of dross formation) 

(View direction: -z (13500 fps, 74 jis/f), Laser power: PL = 6 kW (CW), Nitrogen gas jet: 
Ps = 1.3 MPa, Cutting speed: Vc = 2.0 m/min, Workpiece: SUS316L(f:8mm)). 

2.0 m/min and (c) Vc = 2.5 m/min, both size and brightness 
of the molten material droplets decrease and their scattering 
range become wider. It was confirmed that scattering angles 
of molten material droplets to +/- y and z directions at a 
bottom exit of a kerf become larger and, at the same time, 
reattachment of molten material at bottom edges of a kerf is 
observed. 

In order to ascertain this phenomena temporally and 
spatially, observations with the highspeed video camera from 
- z direction were performed. Some examples of the photos 
for cutting speed of Vc = 2.0 m/min are given in Fig.5. It was 
shown from the photos that most of the molten material is 
flowing down from a bottom of a cutting front. Also, it was 
found that additional branches of the flows of molten 
material with smaller and darker droplets are formed 
intermittently, as shown in Fig.5(b), and that parts of the 
branches of the flowing droplets are being attached as dross 
to the bottom edges of a kerf exit. Moreover, in Fig.5(c), 
several branches are being formed and scattering angle of the 
molten material is larger. From these results, it was 
confirmed that formation of the branches of molten material 

flow, dross formation (dross reattachment to the kerf bottom 
edges), and increase of the scattering angle of the molten 
droplets below a cut kerf are closely correlated. 

3.4 Correlation between Plasma Behavior and Cut 
Surface Quality 

Images of cut surface taken by the optical microscope for 
various conditions are given in Figs.6 ~ 8 (Fig.6: top edge of 
a cut surface, Fig.7: middle surface, Fig.8: bottom edge; (a) 
Vc = 1.5 m/min, Ps = 1.3 MPa (dross free or no dross 
reattachment), (b) Vc = 2.0 m/min, Ps = 1.3 MPa (dross 
reattachment), (c) Vc = 1.5 m/min, Ps = 1.0 MPa (dross 
reattachment)). In all cases, striations formed during cutting 
were observed on cut surfaces. At middle surface, Fig.7, 
intervals of the striations were smaller, or surface roughness 
estimated was smaller, while at top and bottom edges, the 
surface roughness was larger. Also, similar values for the 
surface roughness of top and middle positions were observed. 

On the other hand, it was found that both sizes and angles, 
or drag angles, of striations at bottom sections were different 
in each case. In (a) Vc = 1.5 m/min, Ps = 1.3 MPa (dross free 
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(a)Fc=1.5m/min, Ps=1.3MPa        (b)Fc=2.0m/min, Ps=1.3MPa       (c)Fc=1.5m/min, P=1.0MPa 
Fig.6 Photos of laser-cut surface (upper edge) (Laser power: PL = 6 kW (CW), Workpiece: SUS316L(f:8mm)). 

(a)Kc=1.5m/min, Ps=1.3MPa 
m\\Mvm 

(b)Fc=2.0m/min, Ps=1.3MPa (c)Kc=1.5m/min, Ps=1.0MPa 
Fig.7 Photos of laser-cut surface (middle) (Laser power: Ph = 6 kW (CW), Workpiece: SUS316L(r:8mm)). 

(a)Fc=i:5m/min, Ps=1.3MPa        (b)Fc=2.0m/min, Ps=1.3MPa       (c)Fc=1.5m/min, Ps=1.0MPa 
Fig.8 Photos of laser-cut surface (lower edge) (Laser power: PL = 6 kW (CW), Workpiece: SUS316L(f:8mm)). 

or no dross reattachment), striations are almost vertical, and 
the surface roughness is smaller, or cut quality is preferable, 
except the positions of plasma formation or bottom edges 
(see Fog.3(a)). While in a faster cutting speed condition, (b) 
Vc = 2.0 rn/min, Ps = 1.3 MPa (dross reattachment), 
striations at the bottom edges are not vertical but inclined 
about 15 degrees from a vertical line, and this bottom area 
corresponds to a region of plasma formation in Fig.3(b). 
Similar trend was found in a much faster cutting speed 
condition, (c) Vc = 1.5 m/min, Ps = 1.0 MPa (dross 
reattachment)). In conditions of this study, it was found that 
the plasma formation region expands with increase of the 
cutting speed. As cutting speed increases, a delay or a 
curvature of a cutting front bottom becomes significant, and 
then a laser beam impinges on the curved surface. It was 
found that the plasma formation becomes more significant 
due to this impingement of the beam on the surface [4]. 

From these results, it was confirmed that the plasma 
formation (region) and sizes and angles of striations, or local 
surface roughness (cut surface quality), are strongly 
correlated, and that the sizes of the plasma formation region 
corresponds to the surface roughness, or quality. Therefore, 
by monitoring the plasma sizes and/or brightness in laser 
beam cutting, the in-process evaluation of the cut surface 
quality could be possible. 

4. Conclusions 

Behaviors of the plasma, the emission intensity, 
distribution, source and species were evaluated using a high- 

speed video camera, a color CCD camera, and a spectrum 
multi-channel analyzer. From the results, it was confirmed 
that the plasma formation (region) and sizes and angles of 
striations, or local surface roughness (cut surface quality), are 
strongly correlated, and that the sizes of the plasma formation 
region corresponds to the surface roughness, or quality. 
Therefore, by monitoring the plasma sizes and/or brightness 
in laser beam cutting, the in-process evaluation of the cut 
surface quality could be possible. 
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This study, the action of molten metal in the kerf using oxygen an a assist gas was observed with the high speed 
digital CCD camera. The ejection of molten metal is changed direction in every 2ms. Case of the optimum 
condition speed cutting (1800mm/min), The molten metal moves straight down to bottom of the kerf. Case of 
the high speed cutting (2800mm/min), Case of the mass of molten metal stays in the kerf, dross the appeared 
underneath workpiece. And case of ejection angle is over the 45 degree, dross appeared underneath the 
workpiece. Mass molten metal and small molten metal is every pulsed. 

Keyword: assist gas, dross, ejection, molten metal, laser cutting, 

1.Introduction 
Laser cutting is the most widely used of all laser 

machining processes. In laser cutting, a laser beam 
penetrates through the entire thickness of the workpiece 
and advances parallel to the surface of the workpiece. 
Depending on the phase of material removed, laser cutting 
is divided into two types: sublimation and fusion cutting. In 
the case of laser fusion cutting, the material is melted at the 
erosion front and ejected from the kerf with the assist gas 
jet. ' However, through cutting of thick metal can more 
frequently face technical difficulties like generation of 
rough cut-surface and dross formation compared to the thin 
mild steel sheet. It is also well known that a narrow kerf is 
created during laser through cutting process, resulted in a 
complicated interaction among laser light, gaseous medium 
and melted metal. Though the laser through cutting can 
perform with better quality than the gas cutting and the 
plasma cutting, one of the reasons why it has not been 
widely used can be attributed to less information in order to 
predict laser cutting performance.2'3 

One of the key issues to improve the surface quality laser 
cutting process, should be properly to understand molten 
metal behavior in the kerf, since the origin of surface 
roughness and dross formation is thought to be action of 
molten metal. However study of action of molten metal 
which has very little progress.4 The objective of this study 
is to observe dross formation in kerf using oxygen of assist 
gases. Transient action of molten metal in a kerf was 
experimentally observed with a high-speed digital CCD 
camera at a maximum full frame rate of 40500 frames per 

second. 

2 Experimental set up 

A schematic diagram of the experiment is shown in 
Fig.l. 

Experimental condition is shown in Table. 1. 

(1) Laser source 
The experiments were done with a transverse flow type 

C02 laser, which is a commercial product of the AMDA 
(model LCF644). A maximum output power level of the 
laser apparatus is 2kW with a M value of 2.5. As a 
focusing lens, we used a single ZnSe plano-convex lens 
with a focal length of 127 mm (5.0 inches). The laser beam 
diameter at a focal point is approximately 120 ^m. The 
center of laser beam was located at slightly inside of cutting 
edge (700-800 \x m) of the steel so that an erosion front can 
be observed. 

(2) Assist gas and nozzle 
A diameter of the nozzle mouth is 2.0mm. The between 
nozzle and workpiece is 1.5mm. A maximum pressure of 
assist gas can increase up to 0.4MPa. In the case of 
dross-free with oxygen as an assist gas, scanning speed is 
between 500mm/min and 3000mm/min. The pressure of an 
assist gas is constant 0.15Mpa. 
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(3) Diagnostics 
Transient motion of molten metal was observed with a 

high-speed digital CCD camera, (PHOTRON model 
Fastcam-ultima). A maximum frame rate of the CCD 
camera reaches 40500 frames per second. However, a 
reduced frame rate at 27000 frames per second was used 
throughout the experiments, since we need the full frame 
data transfer for better image resolution. The image on the 
CCD plane has threes times as coefficient of magnification 
to an original object. The brightness was adjusted into the 
ND filters in front of the high-speed digital CCD camera. 

The height of camera axis was set in the same surface of 
metal sheet. The view was obtained perpendicular to the 
axis along the scanning direction. 

Laser beam 

workpiece 

nozzle 

4.4mm 
ND filter 

High Speed digit! 
CCD camera 

Workpiece is scanning 
direction 

Fig.l Schematic view of experiment 

Table.l Experimental condition 

Condtion A Condtion B Condtion C 

Laser power 1500(W) 1500(W) 1500(W) 

Scanning 
speed 

600(mm/min) 1500(mm/min) 2800(mm/min) 

Assist gas 0.15MPa 0.15MPa 0.15MPa 

Dross Dross   Free Dross 

ExcessOxygen Balance Lass Oxygen 

3 RESULTS 

Figure 2 represents the conditions A cutting. 
These photographs represented as typical actions of molten 

metal were picked up with a increment of every 5.8 ms, 

while the digital camera captured each frame with a much 

shorter increment of every 37 ß s. The molten metal moves 

straight down to bottom of the kerf. The molten metal 

moves straight down to bottom of the kerf. When the 

molten metal moves the kerf, erosion front is pulsed. When 

the ejection of molten metal at the direction of moved 

workpiece, dross is appeared underneath the workpiece. 

5 mm, 

N 
X = 

0ms 23.3ms 

5.8ms 17.4ms 

11.6ms 

Fig.2 High speed photographs of an erosion front 
(conditions A ) 

Figure 3 represents the cutting under conditions B cutting. 
These photographs represented as typical actions of molten 
metal were picked up with a increment of every 0.11 ms, 
while the digital camera captured each frame with a much 
shorter increment of every 37  ß s Consecutive molten 
metal ejection is occurred. A mass of molten metal is 
regularly formed at the top of the kerf and it move to 
straight down to bottom every 600 /xs.A mass of molten 
metal is formed every 600 fi s. 
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Fig.3   High   speed 
(conditions B) 

0.3ms 

photographs   of  an   erosion   front 

workpiece              ~ 

*       * 

0ms 2.6ms 

Fig.4 High speed photographs of an erosion front 
(conditions C) 

4 SUMMARY 

Case of the mass of molten metal stays in the kerf, dross the 
appeared underneath workpiece. And case of ejection angle 
is over the 45 degree, dross appeared underneath the 
workpiece. Mass molten metal and small molten metal is 
every pulsed. 
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Figure 4 represents conditions C cutting. These 
photographs represented as typical actions of molten metal 
were picked up with a increment of every 2.6 ms, while the 
digital camera captured each frame with a much shorter 
increment of every 37 \i s. The molten metal at the angle 
30° down to bottom of the kerf maybe due to lower 
temperature in molten metal compared to conditions A.C. 
The with a higher viscosity molten metal mostly ejected 
toward the scanning direction of moved workpiece. The 
ejection angle of molten metal is every 2600 ß s. The part of 
molten metal moved at the bottom of workpiece. 
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Titanium aluminide intermetallic compound is attracting attentions as heat-resistant and high-specific 
strength material in the next generation, especially, it is promising material in the field of aerospace components. 
Conventional machining process including welding, however, can be hardly applied due to its very low ductility. 
The objective of this study, as a first stage, is to find out paying attention to crack and hardness the fundamental 
good conditions of the bead-on-plate welding of TiAl intermetallic compound using CO 2 laser irradiation. In the 
experiment, we used the casting gamma titanium aluminide contained iron, vanadium and boron with a thickness 
of 2 mm. We carried out bead-on-plate laser welding in the titanium aluminide material in inert gas environment 
filled with argon. We measured fused depth, Vickers hardness, transverse crack numbers and so on as major 
parameters of welding speed from 1000 to 4600 mm/min and initial temperature of specimen from R.T. to 873 K 
with a beam spot size of 0.5 mm and an output power of 1.5 kW. In addition, the specimens were analyzed by 
Electron Probe X-ray Micro Analyzer, Energy Dispersive X-ray Spectroscopy and X-ray Diflractometry. As a 
result of experiments, transverse crack-free welding was achieved, when initial temperature was at 873 K. In every 
condition, the value of Vickers hardness of fused zone increased compared with base. We think the reason of it is 
an increase of a2 (Ti3Al) phase, which is caused by rapid cooling, taking in Oxygen, fine structure and so on. 

Keywords : C02 laser, bead-on-plate welding, TiAl, intermetallic compound, argon gas 

1. Introduction 

Intermetallic compound is defined as two or more kinds of 
metallic atoms combined with the constant population ratio. 
Many intermetallic compounds exhibit even more attractive 
characteristics than face of any other materials. Among these, 
TiAl intermetallic compound has excellent characteristics. The 
advantages are follows; First is light weight whose specific 
gravity of TiAl corresponds to only a half of that with 
Ni-supper-alloy. Second is high specific strength in high 
temperature. The strength of TiAl is compatible with 
Ni-supper-alloy. More over with regard to high-specific strength, 
the higher temperature becomes, the higher strength of TiAl up 
to 1000 [K]. Thus, TiAl can be promising materials in the field 
of aerospace and jet engine components, in the next generation. 

The establishment of the suitable methods with joining 
two TiAl plates together, is one of the crucial issues to put a 
TiAl to practical use. It is possible to join two TiAl plates 

together with the diffusion welding. Actually however, the 
diffusion welding is not suited to join the parts of complicated 
shape and/or thin plate. In case of joining of thin plate or 
complicated shape, in general, melting junction method is 
hoped, because that method has versatile and flexibility. Laser 
welding is one of good candidates, in addition, it has some 
advantages. The laser welding is useful in many fields, because 
a laser beam is the most controllable and flexible heat source. 
Using laser welding of TiAl, for example, TiAl is prevented 
oxidation than other welding methods, by high speed 
processing ability of the laser welding. Therefore we decided 
that we would achieve laser welding of TiAl intermetallic 
compound. It has been reported that the TiAl added Mo to 
improve ductility were welded by the C02 laser[l1'p1'P1. 

It is comfirmed the atomosphere of the laser welding is 
very important by past experimental result. Laser welding using 
a vacuum chamber seems to be an alternative method. However, 
in this case, the apparatus can be so bulky if a laser welding of 
large materials is demanded, resulting in less flexibility. 
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The objective of this study, as a first stage, is to find out 
paying attention to crack and hardness the fundamental good 
conditions of the bead-on-plate welding of TiAl intermetallic 
compound using CO 2 laser irradiation. 

2. Experiment 

2.1. Material 

Specimens used in the experiments were TiAl compound 
that had been precision casting and then done HIP (Hot Isostatic 
Pressing) treatment. Fe, V and B were tailored to improve the 
performance of cast l4l The specimens were processed 60 mm 
long, 25 mm wide and 2 mm thick and the 60th surfaces were 
polished by the emery paper(#600). The chemical composition 
of specimen is shown as Table. 1. 

Table 1. Chemical composition of cast TiAl-Fe-V-B 
Fe B O N Ti 

45.9     1.27     1.24     0.31     0.12     0.03     Bal 

2.2. Setup 

The experiments were performed with a commercially 
available C02 laser, AMADA LCF644. A maximum laser 
output power of reaches 2 kW. Laser beam quality 
corresponded to a M2 factor of 2.5. A schematic drawing of the 
experimental setup is shown in Fig. 1 

The laser beam was focused just on the specimen's bottom 
by a single plano-convex lens with a focal distance of 254 [mm], 
beam spot diameter on the specimen surface was 0.44 mm. The 
laser power in the experiments was kept constant at 1.5 [kW]. 

The specimens were placed inside the shielding box, 
whose dimension was 16.5 X17X9 cm3. A metal plate with a 
small slit was attached on the top-face of the shielding box, as a 
lid for the prevention of the air-invasion. The slit, whose width 
was set to be 10 mm, was used as a laser beam inlet window. 

The atmosphere of the box was replaced by an Ar gas to 
minimize the influence of oxidation. The Ar gas was supplied 
by a shield gas nozzle. The beam axis and the flow direction of 

Cu block 

55 degrees 

Shield gas nozz] 

Specimen -1 

pecimen motion 

the shield gas were set to be met at an angle of 55 degree to the 
surface of specimen. The shield gas nozzle made of Cu was 4 
mm in diameter. The flushing time for gas exchange was 10 
minutes at a flow rate of 5 L/min. During the laser irradiation, 
on the other hand, flow rate was increased to 10 L/min to 
reduce of the plume effect. 

The specimen was heated in advance by a heater to make 
up for low ductility and to prevent transverse crack. The 
temperature of the specimen was monitored using 
thermocouple and was controlled by a digital temperature 
controller. The initial temperature of specimens was varied from 
room temperature to 873 [K]. The welding speeds which is 
relevant to cooling rate were varied from 1000 mm/min to 4600 
mm/min. 

The welding conditions were shown in table 2. 

Table 2. Welding condition 
Out put power [kW] 1.5 
Welding speed [mm/min] 1000-5000 
Initial temperature [K] R.T., 573,673,873 
Shield gas flow rate [L/min] 10 

Fig. 1 Schematic drawing of experimental setup 

2.3. Evaluation method 

After the laser irradiation, the specimens were evaluated as 
follows. Transverse and vertical cracks of the specimens were 
observed by visible dye penetrant inspection. And we measured 
average Vickers hardness of melted zone from the surface 
to lmm under the surface (every 0.2mm increment). In addition, 
the specimens were analyzed by Energy Dispersive X-ray 
Spectroscopy (EDX), Electron Probe X-ray Micro Analyzer 
(EPMA) and X-ray Diffractometry (XRD). 

3. Result and discuss 

3.1. penetration depth 

Welding speeds that could allow full bead-on-plate 
welding were 3000 [mm/min] or less at an initial temperature of 
873 [K], 2600 [mm/mm] or less at an initial temperature of 673 
[K], and 2000 [mm/min] or less at an initial temperature of 300 
[K]. 

3.2. Transverse crack 

In each initial temperature, relationships between the 
number of cracks and the welding speed were shown as Fig. 2. 
The number of cracks decreased with increasing initial 
temperature. It was possible to obtain crack-free bead-on-plate 
welding, when initial temperature was 873 [K]. Moreover, the 
crack frequency depended on the welding speed too, at reduced 
initial temperatures of 300 [K], 573 [K] and 673 [K]. 

The transverse crack is probably caused an appearance of 
non-equilibrium phase because of rapid cooling around 1400 
[K]. We assume that this non-equilibrium which is hard 
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similarly to martensite in steel's quenching. And very poor 
ductility of TiAl might affect the number of cracks. 

Fig. 2 

0 1000 2000 3000 4000 5000 6000 

Welding speed (mm/min) 

relationship between welding speed and the number of cracks 

And vertical crack is confirmed in case that the width of 
bead is wide due to low welding speed. 

3.3. Hardness 

Fig. 3 shows the average Vickers hardness of melted zone. 
In 
case of any initial temperatures, value of Vickers hardness is 
higher than base metal's value (about 350 Hv). We were 
interested in two points in this figure. First point is when initial 
temperature is 875 [K] the value of hardness is the second to 
R.T. Other is, in all initial temperature, the lines of the value of 
Vickers hardness have valley. 
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Fig. 3 Average Vickers hardness 

In each temperature with a welding speed of 3000 
mm/min, the results of XRD analysis are shown as Fig.4. In this 
figure the open circle shows TiAl phase and open triangle 
shows Ti3Al phase. The intensity of Ti3Al were increased than 
base  metal.   In  addition,  the  intensities  of Ti3Al phase 

correspond to the value of Vickers hardness (refer to Fig. 3). 
Therefore we supposed that the increase of hardness was caused 
by an appearance of Ti3Al phase, because Ti3Al is harder than 
TiAl phase. 

u 
B 

35 40 45 
2a(deeree1 (CuKa) 

Weldine soeed: 3000 mm/min 

Fig.4 result of ERD analysis 

The increase of Ti3Al (ct2) phase can be attributed to 
following two reasons; First is rapid cooling around 1400 [K] 
because it is eutectoid transformation temperature. It is reported 
that the order from cc(Ti) phase to a2 is easy in 
supersaturation.I21[5] .Second is an influence of taking in Oxygen, 
because Oxygen act as an element stabilization of a phase[41,[6l 
Namely, the increase of hardness caused more storongly rapid 
cooling when cooing rate was fast, and taking in Oxygen when 
cooling rate was slow. 

3.4. Result of EPMA and EDX analysis 

As a result of EDX analysis (R. T. 3000 mm/min), there 
were not a big difference of the concentration of Ti, Al, Fe 
and V in the points of base metal, boundary face and melted 
zone. 

On the other hand, result of EPMA analysis shows a 
possibilities of decrease of Al. Additionally, it is comfirmed that 
the melted zone exhibited fines structure compared with base 
metal. This fine structure, as might be expected, resulted in the 
increase of hardness too. 

4. Conclusion 

TiAl-Fe-V-B intermetallic compound was welded by C02 
laser irradiation whose output power was constant as 1.5 kW. 

We could achieve bead-on-plate welding with no 
transverse crack, with raised initial temperature at 873 [K]. The 
number of cracks decreased with increasing of initial 
temperature and decreasing welding speed. 

The average Vickers hardness, on the other hand, 
increased than the value of base and were not dependent on 
initial temperature compared with the number of cracks. We 
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supposed that the increase of hardness was caused by an 
appearance of Ti3Al phase. The increase of Ti3Al (cc2) phase can 
be attributed to rapid cooling around 1400 [K] and an influence 
of taking in Oxygen. 
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in Micro Cutting with Pulsed YAG Laser 

Yasuhiro OKAMOTO*, Yoshiyuki UNO* and Naoki MIYANAGI** 

* Department of Mechanical Engineering, Okayama University, 3-1-1 Tsushimanaka, Okayama 
700-8530, Japan 

E-mail: okamoto@mech.okayama-u.ac.jp 
** Hitachi Construction Machinery Co., Ltd., 650 Kandatsu, Tsuchiura, Ibaraki 300-0013, Japan 

YAG laser has widely been used for precision micro machining in many fields. However, 
adhesions of dross and spatter to the base material due to high energy beam machining lead to the 
deterioration of the surface integrity. It is important to understand the assist gas flow from the tip of a 
convergent nozzle in order to improve the surface integrity, since material is mostly removed away by 
the gas flow spouted in the same direction of the laser beam. 

In this paper, effects of the nozzle shape on assist gas flow and the machined results were 
experimentally analyzed using the Schlieren method. There exists an unstable region in which the 
pressure on the workpiece changes periodically, and the region becomes wider with the reduction of 
the exit diameter. The pressure on the workpiece increases with an increase of the exit diameter, which 
makes the dross height smaller. However, it is necessary to select the nozzle shape according to the 
demand of the surface integrity, because the consumption of the assist gas increases and the kerf width 
becomes wider with an increase of the exit diameter. Moreover, it was pointed out that a kind of nozzle 
with a convex curve on inner wall of nozzle led to better surface integrity. 

Keywords: YAG laser, dross generation, nozzle shape, assist gas flow, Schlieren method, Mach shock disk 

1. Introduction 

YAG laser has widely been used for precision micro 
machining in many fields, because it has the benefits of the 
possibility to focus the laser beam in a small spot. However, 
in YAG laser beam machining, material is melted or 
vaporized by the absorbed heat and is partly removed by the 
pressure of vaporization. This scattered material adheres as 
spatter, which can be prevented by a coat of an anti adhesive 
agent, to the base material again. On the other hand, melted 
material is mostly carried away downward by the assist gas 
flow spouted coaxially along the axis of the laser beam. 
Unfortunately, it is impossible to carry away completely, 
and the part of melted material adheres to the exit side as 
dross, which leads to the deterioration of the surface 
integrity in micro cutting. Therefore, the assist gas flow has 
a great influence on the generation of dross. The assist gas 
flow spouted from the nozzle tip is generally a complicated 
supersonic underexpanded jet [1], in which the pressure and 
the flow rate vary in every point. In the case of setting a 
workpiece under the nozzle, the flow becomes more 
complicated, since a vortex ring appears on the workpiece. 
Moreover, it is considered that the gas flow changes 
remarkably before and after the laser beam penetrates the 

workpiece completely. Therefore, it is important to 
understand the assist gas flow spouted from the tip of a 
convergent nozzle in order to improve the surface integrity. 
In this paper, the effects of nozzle shape on the assist gas 
flow and the machined results are experimentally analyzed 
using some kinds of nozzles with different shapes. 

2. Experimental procedures 

Fig.l shows the schematic diagram of experimental 
setup. The pulsed Nd:YAG laser pumped by the Xenon 
flush lamp was used in this study. The focal length is 50 mm, 
and the laser beam pattern is single-mcde, which is suitable 

Fig.l    Schematic diagram of experimental apparatus 
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for precision cutting. Stainless steel SUS304 (in JIS 
specification) of 0.15 mm in thickness was used as a 
workpiece, which was set on the X-Y stage. The cutting 
experiment was carried out controlling the feed of stage. 
Oxygen was used as the assist gas, whose pressure was 
varied from 98 kPa to 1568 kPa. The gap distance between 
the nozzle tip and the workpiece surface was kept to be 1 
mm. Besides, the Schlieren method was used in order to 
visualize the assist gas flow. 

The pressure on the workpiece was measured as shown 
in Fig.2. The strain gage transducer was set under the 
penetrated hole of 0.5 mm in diameter, and its output was 
recorded as the pressure on the workpiece. In this paper, this 
pressure is expressed as Pw (the pressure on the workpiece), 
while the pressure at the exit of the cylinder is expressed as 
Pc (the cylinder gas pressure). 

Fig.3 shows the schematic cross section of the workpiece 
after the laser beam cutting. The top of the figure is the 
irradiated side, and the bottom is the exit side. In this study, the 
distance H between the top of dross and the matrix is defined as 
the height of dross, which is determined by the average of ten 
measurements. 

Fig.4 shows the shapes of the nozzle discussed in this paper. 
The nozzle (a) is a conventional nozzle. This type with 0.35, 
0.5 and 0.75mm in exit diameter are employed. The nozzle (b) 
is a new designed nozzle, which has a convex curve of 40 mm 
on the inner wall. In this paper, (a) is expressed as the 
nozzle N, and (b) is expressed as the nozzle NR. 

3. Assist gas flow from the convergent nozzle 

Fig.5 shows the Schlieren photographs of the assist gas 
flow using a convergent nozzle with 0.5mm in exit diameter. 

^ 1 0mm 

Fig.5   Schlieren photographs of the assist gas flow 
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Fig.6    Difference of gas flow near the exit of nozzle 

The assist gas flow at 98 kPa is a parallel flow. On the other 
hand, for more than 196 kPa, that is the supersonic 
underexpanded jet, which is an unstable flow. Moreover, the 
form of the gas flow at low pressure is different from that at 
high pressure. It is caused by the ratio of Pn (the pressure of 
assist gas at the exit of the nozzle) to P (the atmospheric 
pressure)[2]. As shown in the Fig.6 (a), the shock wave 
intersects at the center axis when the ratio Pn / P is small. 
On the other hand, normal Mach shock disk (MSD) is 
formed when the ratio Pn / P is large as shown in the Fig.6 
(b). In this case, it corresponds when the cylinder gas 
pressure is more than 392 kPa. The critical ratio for 
changing from the flow type with an intersection point to 
that with MSD is approximately 3 (around 294 kPa) judging 
from the Schlieren photographs in Fig.6. Around the critical 
pressure, the assist gas flow is extremely unstable because 
of the transitional point of the gas flow type (a) to (b). 

Fig.7 shows the schematic illustration and the Schlieren 
photographs of the impinging gas flow on the workpiece 
under the similar condition as the actual machining when the 
workpiece is located just under the nozzle. The upward flow 
appears in the vortex ring around the center axis. The 
position of MSD is determined by the balance between the 
upward force of the flow in the vortex ring and the 
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downward force of the cylinder pressure. Therefore, the 
flow under the nozzle is unstable and tends to be influenced 
by the various factors. It is considered that the flow changes 
dynamically because of its instability, once the balance is 
lost. 

Fig.8 shows the vibration of the pressure on the 
workpiece under the condition in which the gap distance 
was 1.0 mm and the cylinder gas pressure was 294 kPa. In 
this case, the pressure on the workpiece varied regularly 
with 120 kPa in amplitude and 50ms in frequency, and the 
sound was generated regularly. It is considered that the 
effective energy is lost. On the other hand, this vibration is 
generated only in this case with the penetrated hole. The 
reason is considered as follows. As mentioned before, the 
gas flow tends to be affected by the various factors when an 
obstacle is under the nozzle. Especially in this case, the 
intersection point and MSD are generated at the same level 
of the workpiece surface that has a penetrated hole. When, 

Pc=1568kPa,GAS 02 

Fig.10   Schlieren photographs of the assist gas flow using 
three kinds of nozzles different in the exit diameter 
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Fig.ll Relationships between the height of dross and the 
cylinder gas pressure using three kinds of nozzles 
different in the exit diameter 

the balance of force is lost, and MSD repeatedly appeared or 
disappeared. Therefore, the pressure on the workpiece 
changes periodically. In this study, the region of vibration of 
the pressure on the workpiece is expressed as the unstable 
region. This fluctuation of the assist gas flow leads to 
irregular dross generation. 

4. The effect of nozzle shape 

Fig.9 shows variations of the pressure on the workpiece 
with the cylinder gas pressure using three kinds of nozzles 
different in the exit diameter. As can be seen from the figure, 
the pressure on the workpiece increases with an increase of 
the exit diameter after the unstable region. On the other hand, 
for the nozzle with a large exit (0.75 mm in diameter), the 
unstable region is from 200 kPa to 300 kPa, while for the 
small exit nozzle (0.35 mm in diameter), it is from 200 kPa 
to 800 kPa. Consequently, the unstable region becomes 
wider with the reduction of the exit diameter. It is 
considered that the difference of the unstable region by the 
nozzle might be caused by the difference of the position of 
the intersection point and MSD. 

Fig.10 shows the Schlieren photographs of the assist gas 
flow using each nozzle. As shown in the figure, the distance 
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from the tip of the nozzle to MSD becomes longer with an 
increase of the exit diameter. Consequently, the position of 
MSD differs by the exit diameter of the nozzle even under 
the same cylinder gas pressure. Therefore, it is considered 
that the difference of the balancing condition might cause 
the difference of the unstable region by the exit diameter as 
shown in the Fig.9. 

Fig. 11 shows the relationships between the height of 
dross and the cylinder gas pressure. Under the same cylinder 
gas pressure condition, the height of dross becomes smaller 
with an increase of exit diameter. Fig.12 shows SEM 
(scanning electron microscope) micrographs of dross using 
the nozzle with a different exit diameter. As shown in the 
figure, the larger diameter nozzle leads to the suppression of 
dross generation, since the pressure on the workpiece 
increases with an increase of the exit diameter as mentioned 
before. However, it is necessary to select the nozzle shape 
according to the demand of the surface integrity, because the 
consumption of the assist gas increases and the kerf width 
becomes wider with an increase of the exit diameter. 

Next, the newly designed nozzle NR with a convex curve 
of 40 mm on the inner wall of the nozzle was investigated. 
Fig.13 shows the relationships between the pressure on the 
workpiece and the cylinder gas pressure. As shown in the 
figure, the pressure on the workpiece using the nozzle NR is 
larger than that using the conventional nozzle N. Fig.14 
shows the relationships between the height of dross and the 
cylinder gas pressure. The height of dross using the nozzle 
NR is smaller than that using the nozzle N, since the pressure 
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Fig.15    SEM micrographs of dross using nozzle N and NR 

on the workpiece using the nozzle NR is larger. Fig.15 
shows SEM micrographs of dross using the nozzle N and NR. 

As shown in the figure, the height of dross using the nozzle 
NR is smaller than that using the nozzle N. These results 
show that the nozzle with convex curve of 40mm on inner 
wall leads to better machining results. 

5. Conclusions 

Main conclusions obtained are as follows: 
(1) There exists an unstable region in which the pressure on 

the workpiece changes periodically and dross is 
generated irregularly. 

(2) A convex curve of 40 mm on inner wall of nozzle leads 
to a reduction of dross height. 

(3) An unstable region and dross height becomes smaller 
with an increase of the exit diameter. However, it is 
necessary to select the nozzle shape according to the 
demand of the cost and the surface integrity, because the 
consumption of the assist gas increases and the kerf 
width becomes wider with an increase of exit diameter. 
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Abstract. 

A system consisting of 11 photodiode sensors from 0 to 90 degree with respect to the workpiece surface 
has been developed to detect the angular distribution of the reflected laser intensity. Spot welding process 
in thin copper sheet using pulsed Nd:YAG laser was experimentally analyzed by detecting angular 
distribution of reflected laser beam with time resolution. Spot welding was performed with pulse duration of 
1 ms on a phosphorus copper thin sheet with thickness 250(im in atmospheric condition. The change in 
the contour of the molten pool was investigated by time-resolved angular distribution of the reflected laser 
beam and penetrating time at a sampling frequency of 40 KHz. The laser beam passing through the thin 
sheet was also detected; the penetration time through the thin sheet was approximately 0.6 ms at an incident 
power density of 2.7X106W/cm2. The reflectance determined by integrating angular distribution of the 
reflected laser intensity was approximately 85% at the beginning of the pulse and then decreased with time. 
It is also shown that this system can be used for monitoring the quality of the lap welding of thin sheet 
metals. 

Keywords: pulsed YAG laser, spot welding, reflected laser power, thin metals, angular distribution. 

1. Introduction 

It is important to investigate the change in the shape of 
molten pool while laser irradiates on work surface to 
understand the spot welding process. How the surface of 
molten pool is changed and how deep key-hole is in spot 
welding are the elements to determine the welding quality. 

Since molten pool in pulsed laser welding fluctuates, the 
reflected beam exhibits variable angular distribution. A 
system to measure the reflected beam from the surface of 
molten pool has been developed in this experiment, and the 
angular distribution of the reflected beam was measured 
with time of resolution. 

The objectives of this study are (1) to describe the 
system measuring the newly developed monitoring using 
reflected laser beam, (2) to evaluate the welding process in 
the thin copper sheet and (3) to propose an in-process 
monitoring method using reflected beam obtained from the 
measurement of angular distribution. 

2. Experimental set up 

Figurel shows a schematic picture of the experiment 
system. Spot welding was performed using pulsed NdYAG 
laser with pulse width of 1 ms on a thin sheet of phosphorus 
copper of 250Mm in thickness without shielding gas. The 
incident YAG laser beam was condensed by a lens of focal 
length of 150 mm (f: 150) on the thin sheet. 

The intensity distribution of laser beam measured on the 
workpiece showed Gaussian distribution with a 1/e2- 
diameter about 400/im. Silicon photo-diode with a high 
sensitivity to YAG laser wavelength was used to measure 
the intensity of the incident and the reflected laser beam. 
The incident beam passed through 45-degree mirror was 
measured by sensor P (in). The spatial distribution of the 
reflected beam was detected by 10 sensors arranged 
between 0 and 82degrees with respect to the work surface. 
The laser beam reflected back through the condensing lens 
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was measured by sensor P (90). The signal detected by P 
(90) corresponds to the laser power reflected in a range 
between 82 and 90 degrees. The laser beam passing through 
the workpiece was also detected by the penetration sensor. 
The sensitivity of 12 sensors was calibrated carefully. 
Incident, reflected and passed laser intensity was detected 
simultaneously at a sampling frequency of about 40 KHz. 
Analog signal was transformed into the digital signal by 
A/D converter. 

Pulse generater 

Nd:YAG 
Laser 

workpiece        I 

Mirror Penetration sensor 

Fig.l Experimental     Setup. 

3. Results and discussion. 

3.1 Angular dependence of reflection. 
The reflectance of YAG laser beam to the phosphorus 

copper was measured at room temperature, and was 
approximately 90%. Before discussing the angular 
distribution of the reflected beam in spot YAG laser welding, 
the reflectance of workpiece was determined from the signal 
obtained by using the system developed in this study. 

Incident light 

Condensing lens 
f:130 

Photo sensor (P8) 

1=108 
Pe-10,30,4050,60,65,70,75,78,82,90 

Fig.2 coodinates of the system and photo-sensor. 

Assuming that the laser beam reflects axi-symmetrically, 
the reflectance R is calculated by 

R-^-pPBcos6de (1) 
Wj) JO 

where W0 is the incident beam power and P6 is the reflected 
beam power per unit area at angular 9 at radius r. 

Figure 3 shows total power of the reflected beam and 
the incident beam power W„. In this case, the incident laser 
power W is as low as approximately 100W. The 
workpiece was not melted at all at this experimental 
condition. No reflection was detected by sensors other than 
P (90). The reflectance thus determined was in a range 
between 85% and 88%, which is very close to the 
reflectance at room temperature. 

£ 
a 

Fig.3 Incident and reflected power for polished 
phosphrus copper at low power level. 

Figure 4 shows (a) the incident laser power, (b) the 
reflected intensity at different angular zone, (c) an 
appearance (SEM) of copper surface of laser irradiated zone 
and (d) the direction of the reflected beam when the incident 
power was relatively low, approximately 1.2KW. In this 
picture, the reflection intensity to given angle is given by the 
length of the arrow. The penetration signal was not detected 
in this power level. The reflected power detected by the 
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Fijj.4 Experimental results obtained at laser power of 1100W. 
(a)A waveform of incident beam power. (b)A waveform of the 
reflected beam power. (c)SEM picture of surface of molten 
pool, (d) Direction of the reflected beam. 
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sensor P (90) was predominant, where as in 60~80degrees, 
the intensity of the reflected beam was approximately 200W. 
The intensity of reflected beam in 0~60degree was very 
weak. The proportion of the laser power reflected between 
82 and 90 degrees (inside condensing lens) was 56%, and 
60-82 degrees 18% and 0-60 degrees under 1%. The 
averaged reflectance determined by equation (1) was 
approximately 75%. 

Figure 5 is an example of penetrated spot welding at 
incident power of 4000W. The penetration signal was 
detected at approximately 0.6 ms, showing that the key-hole 
opened at this time. This result indicates that averaged 
drilling speed in the pulse welding is approximately 0.4m/s. 
Figure 5 (c) shows mat key-hole was closed after the laser 
pulse finished. Figure 5(b) shows the intensity distribution 
of the reflected beam from each angle. Figure 5 (d) shows 
the intensity and direction of the reflected laser beam. 

5000 

0.5 
Time(ms) 

Fig.5 Experimental results obtained at laser power of 4000W. 
(a)A waveform of incident beam power. (b)A waveform of the 
reflected beam power. (c)SEM picture of surface of molten 
pool, (d) Direction of the reflected beam. 

Figure 6 shows the reflectance determined by 
integrating the angular distribution of reflected beam 
intensity shown in Fig.5. The reflected power in 
0~70degrees is also shown in the figure. The reflectance 
begins to decrease around 0.6ms at which key-hole 
penetrates the sheet. The reflected power in a range between 
0 and 70degrees was increased during the key-hole was 
deepened until 0.6ms. 
The average value of reflectance was 65%. Compared with 
the reflectance of the phosphorus copper measured at room 
temperature, it is remarkable decrement due to the laser 
beam passed through the key-hole. 

Figure 7 shows the reflected ratio at different angular 
regions plotted against incident laser power. Data points are 
averaged values determined from five to ten experiments. 
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Fig.6 The time change in reflected intencity. 
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Fig.7 Proportion of reflected power plotted against incident power. 

When the incident power was less than 3500W, the 
penetration signal was not detected by the penetration 
sensor. Then the reflectance was almost constant in a range 
from 70% to 80%. However, as the incident power was 
increased, the reflected beam intensity tends to decrease in 
the high angles. On the contrary, the reflected beam 
intensity in lower angles increased resulting in little change 
in the reflectance in non-penetration area. 

When the incident power was over 3500w, the 
reflectance decreased down to 60% level. As the incident 
power was increased, the intensity of the reflected beam was 
increased a little in high angular distribution and decreased a 
little in low angular distribution. Consequently, one can 
recognize whether the workpiece is penetrated or not in 
terms of the reflectance. 

3.2 Reflection in lap welding. 
The distribution of the reflected laser beam was 

examined in lap joint which consists of the upper workpiece 
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of 65u.m in thickness and the lower workpiece of250um in 
thickness. The angular distribution of the reflected beam 
intensity was detected at the incident laser power of 1200W 
and 2200 W. 

Figure 8 (a) shows experimental result for lap welding 
with gap width of 25jim at 1200W, which corresponds to 

the power density of 0.84x106 W/cm2. The intensity 
reflected between 85.2 and 90 degrees keeps larger value 
until 0.2~0.3ms. After 0.3ms, the intensity of the reflected 
beam at lower angles was increased gradually. One can see 
that the lower the reflecting angle is, the later the beginning 
time of the reflectance increment becomes later. It should be 
noted that the intensity of the reflected beam between 85.2 
and 90degrees showed significant increase again at 0.8ms. 
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Fig.S Variation of reflected laier beam at each angle. 

Figure 9 shows the welding process deduced based on 
the change in the intensity distribution presented in Fig. 8 
(a). The increase in the reflection at 0.8ms indicates that the 
upper sheet was molten down to expand the key-hole 
diameter. So that the laser beam was reflected by the lower 
sheet having flat surface. As shown in SEM picture, enough 
molten pool was not formed in the lower sheet, and thus two 
workpiece were not well bonded. Figure 8 (b) shows 
experimental result in lap welding with no gap width at the 
power of 2.2KW, which corresponds to the power density of 
1.55x 106 W/cm2. The intensity of the reflected beam 
between 85.2 and 90degrees keeps larger value until the 
key-hole was established. After molten pool was formed, the 
intensity of the reflected beam keeps constant value. 
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Fig.9 Illustration of welding process corresponding to Fig.8(a). 
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Fig.10 Illustration of welding process corresponding to Fig.8(b) 

4. Conclusion 

The results obtained in this study are summarized as 
follows: 
1. A system has been developed to determine time resolved 

angular distribution of the reflection in spot YAG laser 
welding of thin sheet, by which the surface state of the 
molten pool can be discussed. 

2. The reflectance was determined by integrating the 
angular distribution of the reflected beam intensity. 

3. The intensity of the reflected beam was increased at 
lower angles during key-hole was deepened. 

4. The system can be used to monitor the spot welding 
quality. 
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The schematic picture based on Fig. 8 (b) is shown in 
Figure 10. No secondary increase in the reflection at 
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ABSTRACT 

In this paper, we propose a new method of fabricating 3-D models of the high-temperature structural 
materials such as ceramics by selective laser sintering (SLS). To save the laser energy, we adopted the 
combustion synthesis which is the exothermic reaction between the raw materials. By adding chemical 
reaction heat to laser heat, the particles of the products of the reaction were bonded together by relatively 
low laser energy. The combinations of the raw materials and the laser scanning conditions for solidifying 
the products and laminating the solidified layers were investigated experimentally. Since burning in the 
furnace is unnecessary in the proposed method, it is possible to fabricate the models in a short time. 

Keywords: selective laser sintering, combustion synthesis, heat of formation, layered manufacturing, rapid 
prototyping 

1. Introduction 

Metal and ceramics are widely used in the mechanical 
parts required the strength and the heat resistance. Ceramics 
are also used as the casting molds. Metal models are 
generally fabricated by cutting, milling, electrical discharge 
machining (EDM), casting, etc. Ceramics models are mostly 
fabricated by pouring the ceramics slurry into the molds and 
sintering at high temperature. 

In recent years, selective laser sintering (SLS)fl], three 
dimensional printing (3DP)[2], fused deposition modeling 
(FDM)[3], and laminated object manufacturing (LOM)[4] 
have been developed as the methods of fabricating 3-D 
models of the ceramics and the metal directly from CAD 
data like the stereolithography[5]. 

In any of these conventional methods, since the powders 
or the sheets of the materials are connected temporarily by 
the binder, sintering at high temperature near the melting 
points above 1000°C is required to connect the materials 
together firmly. Therefore, the fabrication takes for a long 
time and a high degree of skill about burning process is 
required. 

There is a method of fabricating the models directly by 
heating and fusing the metal powder sprayed on the laser 
beam spot. However, laser power of more than 500W is 
necessary even in the case of Co alloy having the melting 
point of 1200°C[6]. It is difficult to apply this method to the 
ceramics models which has to be sintered by keeping the 
materials at high temperature for a long time. 

In this paper, we propose a new method of fabricating 
the 3-D models of high-temperature structural materials by 
using combustion synthesis[7] induced by laser heating. In 
this method, the synthesis of the compounds and the 
fabrication of the 3-D models progress simultaneously. By 
adding the chemical reaction heat to laser heat, the 
fabrication of the 3-D models of the heat-resistant inorganic 
materials such as the ceramics can be realized with low laser 
energy. Since the proposed method dispenses with sintering 
in the furnace, the knowledge and the skill about the process 
are unnecessary and the models can be fabricated in a short 
time. The principle of this method and the experiments are 
described in the following chapters. 

2. Principle 

Generally, combustion means the chain-reacting 
chemical reaction between an element and oxygen with the 
generation of heat and luminescence. In the case of using 
the element near oxygen in the periodic table instead of 
oxygen, similar reaction often occurs. The former which is 
the oxidation reaction and the latter are known as oxidative 
combustion and nonoxidative combustion, respectively. 

The method of producing the compounds as the 
condensate by these combustion reaction is called 
combustion synthesis[7]. The combustion synthesis is a 
highly efficient method of obtaining the compounds, 
because it advances to spontaneously after the ignition and 
the compounds are synthesized in a few seconds. In the 
oxidative combustion, ceramics such as A1203 is obtained. 
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Table 1 Combinations of the tested materials and their chemical reaction formulas. 

No.    Raw materials (molar ratio) Chemical reaction formula 
Heat of 

formation 
Products Melting point of 

the products 

(D CuO: 10%, Cu: 84%, Al: 6% 

® Ti: 33%, Al: 33%, TiAl: 34% 

® Ti: 43%, Al: 43%, TiAl: 14% 

@ Ti: 50%, Al: 50% 

© Mo: 33%, Si: 67% 

0.3CuO+2.7Cu+0.2Al=3.0Cu+0.1Al2O3 38.8kJ/mol 

0.5Ti+0.5Al+0.5TiAl=TiAl 37.7kJ/mol 

0.75Ti+0.75Al+0.25TiAl=TiAl 56.5kJ/mol 

Ti+Al=TiAl 75.3kJ/mol 

Mo+2Si=MoSi2 118.4kJ/mol 

Cu Cu: 1084°C 

A1A A1203: 2054°C 

TiAl TiAl: 1460°C 

TiAl TiAl: 1460°C 

TiAl TiAl: 1460°C 

MoSi, MoSi2:2027°C 

The nonoxidative combustion by using N, C, B, and Si 
produces the nonoxide ceramics which are nitride, carbide, 
boride, and suicide, respectively. In the case where Al is 
used, the intermetallic compound termed alminide is 
produced. In this study, we adopted the reaction heat of the 
combustion synthesis to solidify the materials having high 
melting points with low laser energy. 

Fig.l shows the sequence of fabricating the 3-D model. 
Some kinds of powders are mixed uniformly and are spread 
thin. The beam of infrared laser is scanned over the layer of 
the powders. The powders in the scanned area are bonded 
together and are connected to the solidified layer beneath the 
powder layer while synthesizing the compounds. By 
repeating the powder spreading and the laser scanning, a 3- 
D model is fabricated. 

In this method, it is necessary that the material only in 
the scanned area solidifies stably and the layers are 
connected firmly. 

*///// y///VwW/   *//m//t///)/y>-ff.   zzzzzzzzzzzk 

Base plate Solidified 

(1) layer 1 (2) layer 2 (3) layer 3 

Fig. 1 Sequence of fabricating the 3-D model. 

3. Experiments 

3.1 Stability of solidification 
Cermet of Cu and A1203, intermetallic compound TiAl, 

and ceramics MoSi2 were selected as the structural materials 
of the models. Especially, TiAl and MoSi2 are known as the 
promising  high-temperature  structural  materials.  Tested 

materials and their chemical reaction formulas are shown in 
Tablel. Particle sizes of the raw materials were CuO: 1-2// 
m, Cu: 15/Um, Al: 27.6jUm, Ti: 45jUm, TiAl: 40/lm, Mo: 
1.5jum, and Si: 2-3//m. 

In the combustion synthesis, the product which is inert 
substance is sometimes added to the raw materials for the 
purpose of controlling the heat of formation[7]. The inert 
materials in Tablel are Cu of material (D, and TiAl of 
material © and ®. These materials were investigated 
whether or not the combustion reaction was limited in the 
scanned area. 

Fig.2 shows the experimental apparatus. Output beam of 
C02 laser (SYNRAD Co.: Model 48-1-28, wavelength: 10.6 
jum, TEM00 mode) is focused on the raw materials. To 
simplify the scan, the vessel is rotated by a motor. Spot size 
of the beam is 117 jum at the calculated value. 

Au mirror 

A- CCh laser 

r~^ ZnSe lens 

Powdered material 

Vessel 

Fig. 2 Experimental system. 

The raw material was spread with the thickness of 3mm 
and scanned from the above by the laser. Fig.3 shows the 
state of the material during laser scanning. The material in 
the irradiated area incandesced and sparked, and turned 
black after the irradiation. 

Fig.4 shows the experimental results. Reactions are 
classified into the next 3 states by the scanning condition of 
the laser and the constitution of the raw material. 
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Fig. 3 Material during laser scanning, 
(material ®, laser power: 4W, scanning speed: 1.65mm/sec) 

(1) The materials  only  in the  scanned  area were 
solidified. 

(2) The whole materials were burned out by the chain 
reaction. 

(3) The powders in the irradiated area were scattered by 
the excess laser power. 

Increment of the supplied energy [W/mm/sec] makes the 
reaction move from (1) to (3). Material (DTi+Al is easy to 
burn out by the chain reaction. Solidified objects made from 
material (2) and ® that the product TiAl was mixed 
previously were significantly brittle. Accordingly, material 
(DCu+Al+CuO and ©Mo+Si solidify stably and firmly. 
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Fig. 4 Relationship between the scanning condition and the 
stability of the solidification. 

(The numbers in the symbols show the material numbers. 
O: The materials only in the scanned area were solidified. 
D: The whole materials were burned out. 
O: The powders in the irradiated area were scattered.) 

To know the effect of the reaction heat, the same 
solidification experiment as the above was done by using Fe 
powder (particle size: 50 flm, melting point: 1535°C). In the 

case of the reactive materials, the materials could be 
solidified with the laser power of a few [W]. On the other 
hand, to solidify the Fe powders with the scanning speed of 
lmm/sec, not less than 10W was required. This indicates 
that the combustion reaction plays a part which reduces the 
external energy required for the solidification. 

3.2 Fabrication of layered models 
Lamination experiment was done by using material (D 

and ©. Since the solidified depth was not less than 0.3mm 
in the above solidification experiment, this experimental 
condition was set as the following: 

laser power: 7W 
scanning speed: 1.65mm/sec 
layer thickness: 0.2mm 

However, in this condition, the layers did not connect 
each other and unified object could not be fabricated. On the 
other hand, when the supplied energy [W/mm/sec] was 
increased, burning out by the chain reaction was occurred. 

We attempted to add an inert binder to the raw reactive 
materials and connect the particles with the combustion 
synthesis and the assistance of the binder. In this case, it is 
thought that the binder material reduces the reactivity of the 
total system. For this reason, we considered that the 
reactivity of the raw materials themselves have to be high in 
the case of using the binder. Material @Ti+Al was selected 
as the reactive raw materials and the glass powder (particle 
size: 100jum, softening point: 550°C) which was easy to 
obtain was used as the binder. The mixed material was 
spread with the thickness of 3mm as paragraph 3.1. In the 
case that the material (D : glass powder weight ratio was 
1:1, even if the supplied energy was about 2W/mm/sec 
(laser power: 3W, scanning speed: 1.55mm/sec), the 
materials burned out by the chain reaction. To reduce the 
reactivity further, the ratio was changed to be 1:2. In this 
ratio, the solidification reaction stabilized, but the solidified 
object was porous and fragile. To strengthen the solidified 
object, the ratio was chosen to be 1:3. As a result, the 
solidified object became dense and rigid. The materials 
could be solidified with the laser power of not less than 2W. 
On the other hand, in the case of only the grass powder, not 
less than 3W was needed for the solidification. This 
indicates that the reaction heat assists the melting of the 
binder. 

Next, we tried to fabricate the layered models by using 
this mixed material of 1:3 weight ratio. For the purpose of 
fabricating the freeform models, C02 laser marker (Sunx 
Co.: LP-110) was used as the laser scanning system. 
Wavelength of the laser beam is 10.6 /im. Mode of the 
beam is TEM00. Spot size of the beam is 110/zm at the 
theoretical value. Based on the solidified depth at 
2W/mm/sec in this mixing ratio, experimental condition is 
maintained as the following: 
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laser power: 6W 
scanning speed: 3mm/sec 
layer thickness: 0.5mm 
the number of layers: 8 layers 

Fig.5 shows an example of the layered model. In this 
example, there are two intersecting ovals in cross-section. 
The connectivity between the layers and between the ovals 
are firm enough. 

the tested materials were significantly reactive, the top of the 
solidified layers could not be heated to the melting point by 
the laser to avoid burning out. In this way, it is not easy to 
connect the layers only the reactive materials. 

We are planning to try to melt the top of the solidified 
layers through the use of the raw materials having a slightly 
lower reactivity than the tested materials. In the case, the 
required laser energy becomes larger than that of this time, 
but it is expected that the laminated models can be 
fabricated without the binder. 

Fig. 5 An example of the layered model. 

4. Conclusions 

We have proposed the new method of fabricating 3-D 
models of the high-temperature structural materials with low 
laser energy by using the exothermic reaction and have done 
some fundamental experiments. Since the combinations of 
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We have investigated the formation process of nanoparticles in the laser ablation plume by 
different laser imaging spectroscopy techniques, such as Two-Dimensional laser induced fluorescence 
(2D-LIF), UV Rayleigh scattering (UV-RS), and Re-Decomposition LIF (ReD-LIF). Clusters, 
which are hardly observed by the UV-RS method due to their small size, are observed by the ReD-LIF 
method. The dynamics and formation processes of the nanoparticles, which are synthesized in the Si 
or ZnO ablation plume, is presented. 

Keyword: Laser Ablation, Nanoparticle, Imaging Spectroscopy 

1. Introduction 

Pulse Laser Ablation (PLA) method can be used to 
fabricate the nanoparticles [1 - 5]. The formation process 
of the nanoparticles during PLA method have been 
investigated by different imaging techniques, such as Two- 
Dimensional laser induced fluorescence (2D-LIF) method, 
UV Rayleigh scattering (UV-RS) method and so on. We 
have already reported the temporal changes of the 
distributions of the Si atoms and the Si nanoparticles in 
ablation plume by the 2D-LIF and UV-RS methods [6-8]. 
Moreover, to visualize the clusters, which were hardly 
visualized by UV-RS method due to their small size, has 
been developed. A new laser imaging spectroscopy is 
termed as "Re-Decomposition LIF (ReD-LIF)" method. In 
the ReD-LIF method, the cluster is vaporized into atoms by 
irradiating another laser beam, and then the vaporized atoms 
are measured by LIF method. 

In this article, we report the Si nanoparticle formation 
process, which was observed in-situ by the 2D-LIF, UV-RS, 
and ReD-LIF methods. Further, we also report the 
condensed nanoparticle formation process observed by the 
UV-RS method when a ZnO target was ablated. 

2. Experiment 

The experimental setup is shown in Fig. 1. A target, 
which was a Si wafer or a ZnO sintered pellet (99.9 %wt), 

was placed on a rotating holder. A KrF excimer laser 
(Lambda Physik EMG201 MSC) beam was focused on the 
target surface with a fluence of about 2.6 J / cm2 (40 mJ @ 
1.5 mm2). A pressure of an ambient He and 02 gas was in 
the range from 0.1 Torr to 10 Torr. The ambient gas was 
changed after each ablation. For the measurement, a probe 
laser was delivered from a frequency doubled optical 
parametric oscillator (OPO: Quanta-Ray MOPO-730) when 
the Si target was used. The probe laser beam was sheeted 
and directed into the plume. In the 2D-LIF method, the 
wavelength of the probe laser was tuned on the Si resonance 

Probe: OPO 

Vacuum Pump 
Image 
Intensified 
gated-CCDj 

Interference filter 

ill 11 
KrF excimer laser 

Decomposition: 
XeCi excimer laser 

Fig. 1 Experiment setup. 
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line of the 3p3P2 - 4s 3P2 transition, which is at 251.61 ran. 
In the UV-RS method, the wavelength of the probe laser 
was detuned off the resonance line. The LIF and RS light 
was detected by a gated and image-intensified CCD camera 
(ICCD: Hamamatsu C2925 and C5895) with an interference 
band-pass filter. When the ZnO target was ablated, the 
probe laser beam was delivered from a XeCl excimer laser 
(Lambda Physik EMG201) for the UV-RS method. 

In the ReD-LIF method, a XeCl excimer laser beam was 
used as a decomposition laser. The decomposition laser 
beam passed in the region, which was also illuminated by 
the probe laser beam. The delay time between the 
decomposition laser and the probe laser beam was critical 
and had to be properly set. Based on the experimental 
result, the optimized delay time was estimated at 10 us. 

3. Result 
3.1 Si nanoparticle formation process 

Fig. 2 shows the temporal changes of the Si atom and Si 
nanoparticle distributions observed by the 2D-LIF and UV- 
RS methods. The pressure of the ambient He gas was 10 
Torr. Scales on the left-hand side indicate the distance 
from the target surface, and shaded areas indicate the region 
illuminated by the probe laser beam. The time after the 
ablation is shown at the left-bottom in each image.   The 

spherical-shaped images were observed at the time before 
0.9 ms, when the wavelength of the probe laser beam was 
tuned on the resonance line of Si atoms. The spherical- 
shaped images show the Si atom distributions. An 
invisible area was also observed in the central region of the 
distribution of Si atoms. At the delayed time after ablation, 
the anchor-shaped images were observed in the previously 
invisible area. The anchor-shaped images were even 
observed when the wavelength of the probe laser beam was 
detuned off the resonance line of the Si atom, and therefore 
these images were considered as the Si nanoparticle 
distribution. 

It is thought that the Si clusters, which were hardly 
visualized by UV-RS method due to their small size, existed 
in the invisible area of the Si distribution. Figure 3 shows 
the result observed in the ReD-LIF method. The energy of 
the decomposition laser beam was 75 mJ. The pressure of 
the ambient He gas was 10 Torr. The time after the 
ablation was shown at the left bottom in each image. The 
scale at the left-hand side shows the distance from the target. 
The shaded and striped area on the scale shows the 
illuminated region by the probe and decomposition laser 
beam, respectively. At 0.11 ms after ablation, the central 
region of the Si atom distribution was not visualized, the 
formation process of the Si nanoparticle might not have 
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Fig. 2 Temporal changes of Si atom and nanoparticle distribution observed by 2D-LIF and UV-RS method 
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Fig. 3 Result of the ReD-LIF method 

sufficiently progressed. However, Si2 molecules were 
clearly observed in the ablation plume at about 0.2 ms after 
ablation by LIF method [6]. The ReD-LIF signal was 
observed at 0.21 ms after the ablation. After 1.51 ms, the 
ReD-LIF signal was observed even at peripheral area of the 
anchor-shaped distribution of the Si nanoparticle observed 
by UV-RS method. These observations were consistent 
with the result of the previous reports. Under these 
specific experimental conditions, the noticeable clustering 
was started at the time around 0.2 ms after the ablation. 

Figure 4 (a) shows the ReD-LIF images observed at a 
different pressure of the ambient He gas. The pressure of 
the ambient He gas is indicated at the left bottom in each 
image. The time after ablation was fixed at 10.01 ms. 
For comparison, the UV-RS images are shown in Fig. 4 (b). 
The ReD-LIF images were observed at the pressure of the 
ambient He gas with 2 Torr and above. On the other hand, 
the UV-RS images were observed at the pressure of the 
ambient He gas with 5 Torr and above. Based on the 
observation of the deposition on the substrate by using an 
electron microscope, the Si nanoparticles were observed 
when the pressure of the ambient He gas was around 2 Torr 
[9]. 
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(a) ReD-LIF image 

lTorr 2Torr STorr lOTorr 

(b) UV-RS image 

Fig. 4 (a) ReD-LIF and (b) UV-RS images at different 
pressure of ambient He gas 

3.2   Nanoparticle Formation process in ZnO ablation 
plume 

Figure 5 shows the nanoparticle formation process in the 
ZnO ablation plume observed by the UV-RS method. The 
pressure of the ambient 02 gas was 10 Torr. The XeCl 
excimer laser was used as the probe laser beam. No image 
was observed at the time after ablation with 0.2 ms and 
below. After 0.3 ms the condensed nanoparticles were 
observed, and then the nanoparticle formed anchor-shaped 
image. Since the similar behavior of the condensed 
nanoparticle was also observed when the Si target was 
ablated, it is believed that the dynamics in the nanoparticle 
formation process does not depend on the kind of the target. 

4 Summary 

The nanoparticle formation processes in the ablation 
plume, when the Si or ZnO targets were ablated, was 
observed by the 2D-LIF, UV-RS and ReD-LIF method. In 
2D-LEF and UV-RS method, the temporal changes of the Si 
atom and nanoparticle distributions were observed. The Si 
atoms condensed into nanoparticle at the central region of 
the distribution. The cluster, whose size was too small to 
be visualized by UV-RS method, existed in the central 
region of the Si atom distribution. The clusters were 
visualized by the ReD-LIF method. The condensation of 
nanoparticles in the ZnO ablation plume was also observed 
by the UV-RS method. Since the anchor-shaped images 
were also observed at delayed time after ablation, it is 
thought that the dynamics of the nanoparticles was not 
governed by the composition of the target. We have 
already observed the different distribution of the 
nanoparticle when the other ambient gases were used [7]. 
For further understanding of the condensation dynamics, 
development of the visualization method for an ambient gas 
flow is now in progress. 
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Influence of laser fluence on the synthesis of carbon nitride thin films 

by nitrogen-ion-assisted pulsed laser deposition 
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Carbon nitride films were deposited by pulsed Nd:YAG laser ablation of graphite with assistance of 

nitrogen ion beam bombardment. The nitrogen to carbon (N/C) atomic ratio, surface morphology and 

bonding state of the deposited carbon nitride films were characterized by X-ray photoelectron 

spectroscopy (XPS), Fourier transform infrared (FTIR) spectroscopy and atomic force microscopy 
(AFM). The influence of laser fluence on the synthesis of carbon nitride films was investigated. The 

N/C atomic ratio of the carbon nitride films can reach the maximum at the highest laser fluence. XPS 

and FTIR analyses indicated that the bonding state between the carbon and nitrogen in the deposited 

films was influenced by the laser fluence during deposition. The carbon-nitrogen bonding of C-N, 

C=N together with very few C=N were found in the films. Results indicated that the laser fluence also 

had critical effect on the surface morphologies of the carbon nitride films. 

Keywords: carbon nitride, pulsed laser deposition, ion-beam-assisted deposition, bonding state, 

surface morphology 

1. Introduction 

A continuing interest in carbon nitride materials has 

persisted since the theoretical calculation of their structures 

and properties by Liu and Cohen [1] and others [2,3]. 

Considerable efforts have been made to realize and 

understand the structures and properties of the predicted 

metastable crystalline C3N4 phases (a-, ß-, cubic, etc.). 

Some experimental results on the synthesis of crystalline 

C3N4 confirmed by transmission electron diffraction patterns 

have been reported [4,5]. In most of those reports, the 

deposited carbon nitride films were mainly composed of the 
amorphous phase in which small crystallites embedded. 

While claims of crystallinity remain unresolved, there have 

been interesting results of studies of the mechanical and 

tribological properties of amorphous carbon nitride films 

which suggest that they are a promising material for 
applications such as protective coatings for magnetic media 

[6]. 
When carbon bonds with nitrogen, a number of bonding 

hybridization are possible: sp, sp2 and sp3. The local 

structural property that distinguishes potentially superhard 

and dense C3N4 phases from softer, low-density material is 

the carbon coordination: hard materials require sp3-bonded 

carbon in the C3N4 network, while sp2-bonded carbon will 

lead to much softer materials. Due to its high reactivity, 

atomic nitrogen is believed to play a major role in the 

synthesis of nitrides. Hence, nitrogen ion beam assisted 

deposition has been widely used in producing carbon nitride 

thin films. In this study, the low energy nitrogen ion beam 

assisted pulsed laser deposition (PLD) was applied to 
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synthesize the carbon nitride films. Due to both of carbon 
species that produced by laser ablation of graphite and 
nitrogen ions have hyperthermal kinetic energies, the 
method that we used in present study possesses potential 
advantages for the synthesis of the metastable material. The 
purpose of this work is to synthesize the carbon nitride films 
by using the ion-beam-assisted PLD and try to understand 
the effect of laser fluence on the structure and bonding of 
the synthesized carbon nitride films. 

2. Experiment 

Carbon nitride films were deposited in a ion-beam- 
assisted PLD system with a background pressure of less than 
1x10"* Torr. The pressure during film deposition was about 
4 x 10"4 Torr. The experimental setup is schematically shown 
in Fig. 1. The fouth harmonic output from a Nd:YAG laser 
with a wavelength of 266 nm were used for the ablation of 
highly oriented pyrolytic graphite (HOPG) target with an 
incident angle of 45°. The laser repetition rate was 10 Hz 
and the pulse width was 10 ns. The HOPG target was rotated 
by an external motor to provide a fresh surface for each 
pulse. Si(100) wafer was used as substrate for deposition. 
The substrate was irradiated by a low energy nitrogen ion 
beam generated from a 3 cm ion source (Ion Tech, Inc.) 
during carbon species deposition. The ion beam had a 
current density of about 0.8 mA/cm2 and an incident angle 
normal to the substrate surface. The energy of the nitrogen 
ion beam was only 63 eV, which was much lower than those 
used in many studies [7,8]. Such low ion energy was used in 
order to prevent the possible structure and stress relaxation 
induced by ion bombardment, which have been thought to 
promote the formation of sp2 bonded carbon. The substrate 
temperature was controlled at about 540°C during the film 
deposition. The distance between the target and the substrate 
was 35 mm. 

The synthesized carbon nitride films were subject to a 
series of characterization including X-ray photoelectron 
spectroscopy (XPS), Fourier transform infrared (FTIR) 
spectroscopy and atomic force microscopy (AFM), in order 
to examine the chemical composition, bonding state and 
surface morphology of the films. XPS measurements were 
carried out using a Mg Ka 1253.6 eV X-ray source with an 
energy resolution of 0.8 eV. FTIR measurements were done 

Lens 

Current 
probe 

Fig. 1 Schematically experimental setup. 

on a Perkin Elmer FTIR 2000 spectrometer. 

3. Results and Discussion 

Although it is possible to change the laser fluence by 
using optical filter, the method that we used in present work 
is to simply adjust the laser beam from focus to unfocused 
position. That is, we obtained larger fluence by focusing the 
laser beam in smaller irradiation spot. Figure 2 shows the 
N/C atomic ratio in the synthesized carbon nitride films 
evaluated with XPS as a function of the laser fluence. As the 
laser fluence was reduced, the N/C atomic ratio first sharply 
decreased to the minimum at about 8.7 J/cm2, and then 
slightly increased as the laser fluence reduced further. The 
dependence of the deposition rate of the carbon nitride films 
on the incident laser fluence is shown in Fig. 3. The 
deposition rate changed with the laser fluence in the 
opposite manner as that of N/C atomic ratio. Due to the very 
low ion energy, we could not expect a significant sputtering 
effect during the film deposition. Therefore, the arriving 
ratio of carbon to nitrogen species on the substrate surface 
determined the final N/C atomic ratio in the carbon nitride 
films. The larger deposition rate induced by the larger laser 
beam size corresponds to the higher C/N arriving ratio, 
therefore, the lower N/C atomic ratio in the films. This 
could be confirmed in Fig. 4, which shows the relationship 
between the N/C atomic ratio and the size of craters on the 
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Fig. 4 Relationship between N/C atomic ratio and crater size. 

HOPG target generated by the laser irradiation with different 

fluences. In addition, we noticed that the N/C atomic ratio 

increased at the laser fluence lower than 8.7 J/cm2 though 

the crater size increased, as shown in Figs. 2 and 4. This 

could be attributed to the reduced total mass of the carbon 

species generated by the low fluence laser irradiation. 

Although the crater size generated at this low laser fluence 

became larger, the low energy density of the irradiation was 

not sufficient to evaporate a large amount of carbon species 

for deposition, which can be confirmed by the reduced 

deposition rate as shown in Fig. 3. Hence, the C/N arriving 

ratio reduced and the N/C atomic ratio of the film increased. 
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Fig. 5 AFM morphologies of the carbon nitride films. 

In addition, we cannot exclude the possible effect of laser 
fluence on the plasma dimension and distribution, which 

could also influence the arriving ratio of carbon to nitrogen 

and the final N/C atomic ratio. 
Figure 5 shows AFM images of the surface 

morphologies of the carbon nitride films deposited at two 

typical laser fluences of 20.7 and 12.7 J/cm2, respectively. 

Although both films show the column-like surface structure 

with regular domed topes, the smoothness and compactness 

of the film deposited at higher laser fluence are much better 

than that of the film deposited at lower laser fluence. This 

can be attributed to the different kinetic energies of the 

carbon species produced at different laser fluence. The high 

energy carbon species resulting from the high fluence laser 

irradiation would considerably enhance the surface mobility 

of the depositing atoms, which then improved the surface 

morphologies of the films. 
The corresponding C Is and N Is core level spectra of 
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4. Conclusions 
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Fig. 6 C Is and N Is core level spectra of the carbon nitride films. 
C Is: (I) C-C, (10 sp2 C-N, (III) sp3 C-N and (IV) C-O; N Is: (0 
sp3 C-N, (II) sp2 C-N and (III) N-O. 

the two films are shown in Fig. 6. It can be seen that not 

only the nitrogen content decreased obviously at low laser 

fluence, the relative ratio of sp3 C-N (C3N„ phase) to sp2 C-N 

(C5N ~ C2N phase) reduced significantly. Therefore, it could 

be concluded that the laser fluence had critical influence on 

the bonding state between carbon and nitrogen atoms. The 

FTIR spectra that shown in Fig. 7 give the same results as 

those of XPS studies. That is, with higher laser fluence, the 

stretching bands of C-N single bonds (C3N4 phase) became 

dominant. However, the stretching bands of C=N double 

bonds (C5N ~ C2N phase) predominated at lower laser 

fluence. No obvious C=N triple bonds related band was 
observed in the FTIR results. According to these results, we 

therefore proposed that the high kinetic energy resulting 

from the high laser fluence would promote the formation of 

sp3 hybridized carbon and corresponding C3N4 phase. 

Carbon nitride films were synthesized by low energy 

nitrogen ion beam assisted pulsed laser deposition. The N/C 

atomic ratio, surface morphology and the bonding state 

between carbon and nitrogen were found to be obviously 

influenced by the laser fluence. The high laser fluence was 

proposed to promote the formation of desired sp3 hybridized 

carbon and C3N4 phase in the carbon nitride films. 
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Preparation of Metal Oxide Thin Films Using Coating Photolysis 
Process With ArF Excimer Laser 
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The preparation of metal oxide thin films have been developed using the metalorganic(MO) 
compounds coating photolysis process with ArF excimer laser irradiation at room temperature. 
The effect of the starting materials and irradiation method on the product films was investigated 
by FT-IR, UV, XRD and SEM. It was found that metal acetylacetonates or metal 2- 
ethylhexanoate was effective as the stalling materials. When using metal acetylacetonates as the 
starting materials, crystallized Ti02, ln203 and Zr02 were obtained with ArF laser irradiation at 
50 mJ/cm2 at a repetition rate of 5 Hz for 5 min. When using Zn-acac, Fe, Sn, or In 2- 
ethylhexanoate as the starting material, a two-step process consisting of both preliminary weak 
(10mJ/cm2) and sufficiently strong irradiation(50m.T/cm2) was found to be effective for obtaining 
crystallized ZnO, Fe203, Sn02 and ln203 films. In addition, crystallized complex oxide thin films 
such as ITO, PbTO3 and PbZr03 were successfully obtained from the metal acetylacetonates or 
metal 2-ethylhexanoate using MO coating photolysis process. Patterned metal oxide thin films 
were also obtained by the ArF laser irradiation through the photomask, followed by leaching with 
solvents. The crystallization mechanism was discussed from the point of view of the 
photochemical reaction and photothermal reaction. 

Keywords: ArF excimer laser, Metal organic compound, Metal oxide thin films, Crystallization, 
Patterning 

1. Introduction 

For electronics or optical information processing which 
will be the core technologies of the twenty-first century, it is 
essential to integrate highly functional metal oxide thin 
films into devices or systems. For this reason, many 
investigations have been carried out by various methods. 
In many cases, however, many devices or systems, which 
include materials such as semiconductor silicon or organic 
materials, are sensitive to heat treatment. Therefore, 
satisfying both conditions of being able to integrate metal 
oxide thin films at low temperature and being able to pattern 
are very important requirements. Recently, in order to 
decrease of the deposition temperature, the laser assist 
process adapted to various processes such as laser 
ablation[l], sol-gel[2], sputtering[3] and CVD[4] has been 
reported. On the other hand, we have developed a new 
method of depositing metal oxide thin films from a 
metal organic precursor using the coating photolysis process 

with ArF laser [5-6] and have reported that simple oxides 
such as Ti02, ln203, Sn02, ZrO, and ZnO films have been 
successfully prepared by the coating photolysis process 
using ArF laser irradiation at room temperature. The coating 
photolysis process using a metalorganic compound is 
advantageous over other techniques with respect to the 
accuracy in composition control and simplicity. This also 
opens the possibilities of direct patterning for electronic 
device. In this paper, we discuss some experimental results, 
the merits of this technique and the formation mechanism of 
the metal oxide thin films. 

2. Experimental 

A schematic diagram of the process is shown in Fig. 1 The 
precursor solutions were spin-coated on quartz or silicon 
substrates at 2000-6000 rpm[5-6]. The metalorganic films 
were then dried at 150-200^0 in air for 10 min to eliminate 
the solvent and were then irradiated at repetition rates of 10- 
50  Hz with an unfocused  ArF  laser (Lambda  Physik, 
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Compex 110). The laser fluence on the films, monitored by 
a laser power meter (Scientech, 38-2UV5), was adjusted to 
10~50m.T/cm2. 

Metalorganic 
compounds —-  Solvents 

OMetil  organic  icid  salts 
OMetal  acetylaeetonate 
OAlkoxide 

- wKr ~~~ ^ysubsinie 
Precursor Spin-coating 
solutions (2000 - 6000rpm) 

ArF excimer laser 

Photomask * 

Leaching 

DryingflOO - 200*C) Laser irradiation Patterned oxide thin films 

Fig.   1   Schematic diagram of the process. 

3. Results and Discussion 

3.1 Relation between starting materials and photolysis 
First, we have investigated the relation between starting 

materials and photolysis. All of the starting materials tested 
were irradiated by ArF laser irradiation at a fluence of 50 
m.T/cm2 and at a repetition rate of 5 Hz for 5 min. The 
results of the crystalline phases identified by XRD 
and IR of the films derived from the starting 
materials are summarized in Table 1. When using 
Titanium-naphtenate, photolysis was not observed. 
When using Ti-tetraisopropoxide, changes in the IR 
spectrum were observed, however, the product was 
amorphous based on the XRD measurement. On the 
other hand, when using Ti-di-n-butoxide(bis-2,4- 
pentanedionate):Tiacac, Bis(2,4-pentanedionate)-Ti 
oxide(ü):TiOacac and Ti-2-ethyl-l-hexaolate as the 
starting material, rutile phase Ti02 was obtained using 
the ArF laser irradiation. Fig. 2(b) shows the XRD patterns 
of the Ti02 film prepared by the coating photolysis process. 

From the above studies, it was proven that metal 
acetylacetonates and metal alkoxides with long carbons 
chain could be used as the starting materials in metalorganic 
compounds[5-6]. According to the IR measurements before 
and after the ArF laser irradiation, the IR absorption 
spectrum due to TiOacac, Tiacac and 2-ethyl-l-hexaolate 
completely disappeared. Hence, no organic components 
were found to be present in the film after the ArF laser 
irradiation. 

Since the UV absorption of an organic compound depends 
on the organic group, the UV absorption effect of organic 
groups on the photolysis was investigated using Tiacac and 
TiOacac. According to the UV measurements of the Tiacac 
and TiOacac, the absorbance of the TiOacac film at 193nm 
is stronger than that of Tiacac film. This means that TiOacac 
can be easily decomposed by ArF laser irradiation. As a 
matter of fact, Ti02 (rutile) was obtained at a fluence of 

10mJ/cm2 using TiOacac, whereas Ti02 (rutile) was barely 
obtained at a fluence of 30m.T/cm2 using Tiacac. From the 
above results, the metal oxide thin films prepared by ArF 
laser irradiation was found to be strongly dependent on the 
starting materials used. 

Table 1 The results of the crystalline phases identified by XRD and 
IR for the films derived from verious starting materials. 

Starting materials Product 

XRD IR 

Ti-naphtenate Amorphous Many groups 

Ti-tetraisopropoxide Amorphous Small   OH 

Ti-di-n-butoxide(bis-2,4-pentanedionate) Rutile None 

Bis(2,4-pentanedionate)-Ti oxide( U ) Rutile None 

Ti-2ethyl-l- hexanolale Rutile None 

In the case of using a thermal process, rutile Ti02 was 
obtained above 700 °C. On the other hand, Sato et. al. 
reported that the anatase phase was transformed into the 
rutile phase with XeCl laser irradiation at a fluence of 80 
mJ/cm2for 60min[7], where the transition of anatase to rutile 
was explained by a photothermal reaction. Therefore, in 
order to determine whether the decomposition observed in 
this study was caused by a photothermal effect or a 
photochemical effect, anatase Ti02 films prepared by 
thermal treatment at 500 °C was be irradiated by ArF laser 
irradiation at a fluence of 50 mJ/cm2 and at a repetition rate 
of 5 Hz for 5min. However, no phase transformation from 
anatase to rutile was observed. Therefore, the formation of 
rutile phase would be attributed to not only a photothermal 
reaction but also a photochemical reaction of the organic 
compounds during the coating photolysis process. 
Irradiations were also carried out with In, Sn and Zr-acac, 
and crystallized ln203, Sn02 and Zr02 films were also 
obtained successfully by ArF laser irradiation. 

3.2 Two-step irradiation method 
In the case of organic acid salts such as Fe 2- 

ethylhexanoate were spin coated on the quartz substrate, the 
ablation of the iron 2-ethylhexanoate was observed by ArF 
laser irradiation at a fluence of 50 mJ/cm2. In order to 
prevent such ablation, the two-step irradiation method was 
developed. That is, at the first step, the Fe 2-ethylhexanoate 
was irradiated with the ArF laser at 10 mJ/cm2at a repetition 
rate of 50 Hz for 0.5 min, and in the second step, the laser 
power was raised to 50 m.I/cm2at a repetition rate of 10 Hz 
for 5 min. Fig. 2(b) shows the XRD pattern of the product 
obtained by ArF laser in'adiation. The peaks were assigned 
to Y -Fe203. It is very surprising that Y -Fe203 was directly 
obtained by ArF laser irradiation without further treatment 

312 Proc. SPIE Vol. 4088 



because the simple heating of iron 2-ethylhexanoate up to 
500 °C gives a -Fe203 and Y -Fe203 which are considered 
to be metastable. 

When using In, Sn and Pb- 2-ethylhexanoate, crystallized 
ln203, Sn02 and PbO films were also successfully obtained 
by ArF laser irradiation. 

unirradiated part with solvents as shown in Fig. 1. In this 
study, the grid of width 20 p. m was used for the photomask. 

a 

cd 

u 

10 20 30 40 

2 0(deg.) 

Fig. 2 XRD patterns of (a)film obtained by spin-coating Ti-2- 
ethylhexanolate and irradiation by an ArF laser at a fluence of 
50 m.T/cm2 for 5 min at a repetition rate of 10 Hz, (b)film 
obtained by spin-coating Fe-2-ethylhexanoatc and irradiation by 
an ArF laser, the first laser irradiation was at a fluence of 10 
mJ/cm2 with a repetition rate of 50 Hz for 0.5 min. and a second 
laser irradiation was performed at a fluence of 50 m.T/cm with a 
repetition rate of 10 Hz for 5 min. (0)PbTiO3 film obtained by 
spin-coating lead -2-ethylhexanoate and Ti-2-ethylhcxanoatc 
and irradiation by an ArF laser; the first laser irradiation was at a 
fluence of 10 m.T/cm 2 with a repetition rate of 50 Hz for 0.5 min, 
and a second laser irradiation was performed at a fluence of 50 
m.I/cm   with a repetition rate of 10 Hz for 5 rain . 

3.3 Preparation of complexes oxides 
The preparation of an oxide compound consisting two or 
more metallic elements such as PbTi03 and PbZr03 has been 
investigated using the coating photolysis process. Fig. 2 
shows the XRD pattern of the product obtained by ArF laser 
irradiation. When using Pb-2-ethylhexanoate and Ti-2- 
ethyl-1-hexaolate as the starting materials, the PbTi03 

perovskite phase with the pyrochlore phase were obtained 
by ArF laser irradiation at 50 mJ/cm2 with a repetition rate 
of 10 Hz for 5. On the other hand, a single phase of PbTi03 

perovskite was successfully obtained using the two-step 
irradiation method consisting of both preliminary weak and 
subsequently strong irradiation as shown in Fig. 2(c). 
PbZr03 was also obtained by the coating photolysis process 
using the two-step irradiation method. 

3.4 Direct patterning 
Another advantage of this method is that the patterned 

metal oxide thin films are obtained by ArF laser irradiation 
through    the    photomask    followed    by    leaching    the 

.SnO- 

-Si substrate 

20,am 

Fig. 3    SEM photograph of the patterned Sn02. 

Fig. 3 shows the SEM photographs of the patterned Sn02 

films on a Si substrate obtained by this method. The dark 
areas show the SnO, films and the bright areas are the Si 
substrates. The square of the patterned Sn02 films are 45 ß 
m. The widths of the line spaces are 20 u m. The edge of the 
patterned Sn02 is sharp. These results can be considered to 
clearly demonstrate possibility of preparing the fine 
patterning of the metal oxide thin without a etching process 
using a halogen gas. 

4.ConcIusion 

In this study, it has been shown that crystallized metal oxide 
films such as Ti02, ln203, Zr02, ZnO, Sn02, and Fe203 can 
be obtained by ArF laser irradiation using metal 
acetylacetonate complexes and metal 2-ethylhexanoates. An 
oxide thin film containing two or more metallic elements 
such as PbTi03 also has been successfully prepared. 
Furthermore, it was found that the present method could be 
applied to the fine patterning of the metal oxide thin films. 
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Preparation of Conducting Polymer Thin Films by 
UV Laser-Assisted Deposition 
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UV Laser-Assisted Deposition (UV-LAD) of three kinds of thiophene related compounds, 2,5- 
dibromothiophene (DBT), 5,5'-dibromo-2,2'-bithiophene(DBBT) and 5,5,"-dibromo-2,2':5',5"- 
terthiophene (DBTT) with 248 (KrF), 308 (XeCl) and 351nm (XeF) beams enabled us to obtain 
polythiophene thin films with highly oriented fibrous structure called laser induced periodic structure 
(LIPS). The conductivities of the films from DBBT with a 308nm beam and from DBTT with a 
351nm beam have reached to the order of 10-3 and 1(H Scm-l , respectively, by doping with iodine 
after the UV-LAD process. FT-IR, XPS and UV-vis. spectra show that, although sulfur atoms are 
eliminated to some extent, polymerization basically occurs at a positions of the thiophene related 

compounds by elimination of halogen atoms. 

Keywords: polythiophene, thin film, excimer laser, UV-LAD, LIPS 

1. Introduction 

In recent photopolymer science and technologies, 
various UV beams have been employed as a new tool for 
precision processing such as microscopic polymerization or 
modification of polymers. [1-3] Especially, the excimer laser 
is considered to be excellent for the photochemical reaction 
and microscopic processing making good use of its high 
reaction selectivity and spatial control. Along such a trend, 
we have tried to prepare polythiophene thin films from 
several thiophene derivatives such as 2,5-dichlorotiophene 
(DCT), 2,5-dibromothiophene (DBT) and 2,5-diiodothio- 
phene (DIT) as reactants by UV laser-assisted deposition 
(UV-LAD) with some excimer laser beams. [4, 5] In these 
cases, however, only 193 and 248nm could be employed for 
preparation because of their absorbance band less than 
250nm, resulting in formation of films with considerable 
defects such as elimination of sulfur atoms owing to 
damaging by the excess energy of photons. It is necessary, 
therefore, to apply longer wavelength for the purpose of 
preparation of better defined polythiophene. 

In this report, in addition to DBT, 5, 5' - dibromo-2, 2'- 
bithiophene (DBBT) and 5,5"'-dibromo-2,2':5',5"- 
terthiophene (DBTT) with maximum absorption peaks at 
320 and 360nm, respectively, were synthesized to employ 
as starting materials for preparation of polythiophene films 
by UV-LAD with 308 and 351nm as well as with 248nm as 
shown in Scheme 1. 

DBT 

DBBT 

248nm (KrF) 
308nm (XeCl) 
351 nm (XeF) 

Br Br 

UV-LAD 

^ 

polytiophene 
film 

DBTT 

Scheme 1 Preparation of polythiophene films by UV-LAD of 
various thiophene derivatives. 

First International Symposium on Laser Precision Microfabrication, Isamu Miyamoto, Koji Sugioka, 
Thomas W. Sigmon, Editors, Proceedings of SPIE Vol. 4088 (2000) © 2000 SPIE • 0277-786X/00/$15.00 315 



2. Experimental 

The experimental setup for UV-LAD is described in our 
previous paper.[4, 5] The reactants DBBT and DBTT were 
synthesized in Dimethylformamide (DMF) from starting 
materials, 2,2'-bithiophene(BT) and 2,2':5',2"-terthiophene 
(TT), respectively, following the conventional method. [6] 
DBT, DBBT or DBTT was deposited by sublimation onto 
a quartz or KBr substrate under irradiation of an unfocused 
excimer laser beam in a reaction chamber evacuated below 
10-3Torr. 248(KrF), 308(XeCl), and 351nm(XeF) laser 
beams at the fluence of 10 - 20 mJcm-Spulse-1 were applied 
for the film preparation. Substrate temperature was kept 
between 200 and 240 K with liq. N2 during film 

preparation. After preparation, the substrate was heated up to 
380K to get rid of unreacted monomers. The films prepared 
by UV-LAD of DBBT at 308nm and DBTT at 351nm were 
doped with iodine by exposing them with iodine vapor in a 
glass cell after film preparation. 

Surface morphology, structure and physical properties of 
the films prepared by UV-LAD were studied by atomic force 
microscopy (AFM), FT-IR, ultra violet-visible 
spectroscopy (UV - vis.), X-ray photoelectron spectroscopy 
(XPS) and electric conductivity measurements. Hereafter we 
will use such an abbreviated mark for each film as 
DBBT(308) for the film prepared by UV-LAD of DBBT 
with a 308nm beam. 

3. Results and discussion 

Every film prepared by UV-LAD has an oriented 
structure consisting of numerous fibers. This structure is 
often observed in surface modification of polymers with 
polarized excimer laser beams and called laser induced 
periodic structures (LIPS). [1,2] As an example, AFM 
image of a surface morphology of DBBT(308) is shown in 
Fig. 1. 

Table 1 shows the C\s peak position and relative 

abundance of bromine and sulfur atoms against carbon 
atoms (Br/C and S/C, respectively) of each film obtained by 
XPS measurement together with those for a-terthiophene 
(3T) as a reference. For DBBT(248), the values Br/C and 
S/C are 0.06 and 0.15, respectively, meaning that 76% of 
bromine and 35% sulfur atoms are eliminated. These values 
are not so different from those for DBT(248). Assuming a 
complete a, a'-bonded polymer, it consists of 7 - 8 
thiophene ring units considering from the Br/C ratio. 
Smaller value of S/C ratio compared to that of 3T (0.23), 
however, suggests partial bond breaking of thiophene rings. 

Fig. 1 AFM image of a surface morphology of DBBT(308). 

Table 1 Br/C, S/C and C ispeak positions by XPS measurements 

for each film prepared by UV-LAD together with those of o> 
terthiophene (3T). In parentheses are also listed the elimination 
ratio of Br and S atoms against the reactants. 

Sample Br/C S/C Cupeak 

Position(eV) 

DBT(248) 

DBB1Y248) 

DBBT(308) 
DBTT(248) 

DBTT(351) 

3T 

0.14(0.72) 

0.06 (0.76) 
0.07 (0.72) 
0.11 (0.34) 

0.14(0.16) 

0.15(0.35) 

0.15(0.35) 

0.17(0.26) 
0.15(0.35) 

0.18(0.22) 

0.23 ■>) 

285.0±0.1 

284.2 ±0.1 
284.1 ±0.1 
284.1 ±0.1 

284.0 ±0.1 

284.3 

a) Sulfur atoms are eliminated, to some extent, during XPS 
measurement, resulting in smaller value (0.23) compared with 
theoretical one (0.25). 

This structural disorder must impede the development of Jt- 
conjugated system. The result that C\s peak position for 

DBBT(248) is slightly lower (284.2eV) than that for 3T 
(284.3eV), indicates that the ^-conjugation length of the 
film is a little longer than that of 3T. As for DBBT(308), 
although the elimination ratio for bromine atom is 0.72, 
nearly equal to those for DBT(248) and DBBT(248), we 
obtain 0.26 for sulfur atom. The C]s peak position of 

DBBT(308) is 284. leV, slightly lower than that for 
DBBT(248). This means that UV-LAD with longer 
wavelength    restrains   the   elimination   of sulfur atoms, 
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Fig. 2 FT-IR spectra for DBBT(248) and DBBT(308) together 
with that of DBBT monomer. 
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Fig. 3 UV-vis. spectra for DBTT(248) and DBTT(351) together 
with that of DBTT monomer. 

resulting in obtaining the film with better developed re- 

conjugated system. 
FT-IR spectra of DBBT(248) and DBBT (308) are 

shown in Fig. 2 together with that of DBBT monomer. 
Peaks around 1510, 1430 and 1210cm-l ascribed to 
thiophene rings are detected clearly in the spectra for 
DBBT(308). Peaks around lOOOcm-l are assigned to C-H 
in-plane bending.[7-9] Presence of a peak at 794cm-' 
assigned to C-H out-of plane bending vibration related to fi- 
ll (H at 3 or 4 position) of thiophene[7-9] suggests that 
polymerization occurs predominantly at a and a' positions 
of DBBT by eliminating halogen atoms. For DBBT(248), 

on the contrary, broadening of the peaks related to thiophene 
rings and a new peak around 1700cm"1 can be observed. 
This peak is assigned to CO stretching of carbonyl groups 
formed through reaction of radicals created in the 
photochemical processes with oxygen atoms in the reaction 
chamber or those in air, suggesting that structural defects 
also exist in the films. These defects may come from bond 
breaking of thiophene rings as well as from the link missing 
in polymerization. Peak intensity ratio between symmetric 
(1430cm-1) and anti-symmetric (1510cm-1) stretching 
vibration of thiophene ring gives us the information on the 
average conjugation length of the polymer. [7] According to 
such an analysis, average conjugation lengths n for 
DBBT(248) and DBBT(308) are estimated to 4 and 5 
respectively. Here we define n as conjugation length, which 
corresponds to the number of thiophene unit cells 
connecting each other with sp2 hybrid orbitals of carbon 
atoms (C4H2S)n. 

These results described above suggest that UV-LAD 
with longer wavelength enable us to obtain better defined 
polythiophene. So we tried to perform UV-LAD with 
351nm for DBTT with an absorption band around 
350nm.UV-LAD with 248nm for DBTT was also carried 
out for comparison. From XPS results as shown in Table 
1, although the elimination ratio for bromine atom of 
DBTT(351) is 0.16, smaller than those of DBT(248) and 
DBBT(308), the value S/C is 0.18, meaning that only 22% 
of sulfur atoms are eliminated. This value is most excellent 
among all the samples we prepared, indicating that longer 
wavelength is of use for preparation of better defined 
polythiophene by UV-LAD. The Cls peak position of 

DBTT(351) (284.0eV) suggests better developed Jt- 
conjugated system of this film. 

According to the FT-IR measurement for DBTT(248) 
and DBTT(351), extremely sharp peaks at 1500, 1450, 
1240 and 1000cm-1 assigned to thiophene ring were 
detected for DBTT(351), though those for DBTT(248) were 
weak and broad. From peak intensity ratio between 
symmetric (1430cm-1) and anti-symmetric (1510cm-1) 
stretching vibration of thiophene ring, we estimated the 
average conjugation lengths to be 5 and 8 for DBTT(248) 
and DBTT(351), respectively. 

The UV-vis. spectra for the films prepared by UV-LAD 
of DBTT(248) and DBTT(351) are shown in Fig. 3, 
together with the reactant monomer (DBTT). The spectrum 
for DBTT was measured by dissolving each monomer in 
methanol. Broad shape of the spectrum for each film 
suggests that the film consists of several components with 
different it-conjugation length. Although the maximum peak 
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position of the spectrum for each film is not so different from 
that for the reactant, band edge of each film shifts to longer 
wavelength region. The optical band gap of DBTT(351) is 
estimated to be 2.5eV by Mott plot. [10] Although this 
value is larger than those for polythiophene prepared, for 
example, by chemical method reported by Kobayashi et al 
(2.0eV) [11], it is much more excellent than that of 
DBT(248) (3.1eV) [5] and not inferior to those for the 
plasma-polymerized thiophene films (2.5-3.1 eV).[12] 

Finally, the effect of electron acceptor on the electric 
conductivity for DBBT(308) and DBTT(351) was 
investigated by doping them with iodine after film 
preparation. Drastic increase in the conductivity was 
observed immediately after beginning of the doping for each 
film. The conductivities of DBBT(308) and DBTT(351) 
have reached to the order of 10"3 Scnr1 and 10"1 Scnr1, 
respectively. The latter value is more than three orders 
higher than those of polythiophene film prepared by plasma 
polymerization. [11] 

4. Conclusion 

Polythiophene thin films were prepared by UV Laser- 
Assisted Deposition (UV-LAD) of some thiophene 
derivatives with various excimer laser beams. UV-LAD of 
three kinds of thiophene related compounds, 2,5- 
dibromothiophene (DBT), 5,5'-dibromo-2,2'-bithiophene 
(DBBT) and 5,5'"-dibromo-2,2,:5',5"-terthiophene (DBTT) 
with 248 (KrF), 308 (XeCl) and 351nm (XeF) beams 
enabled us to obtain polymerized films with highly oriented 
fibrous structure called laser induced periodic structure 
(LIPS). FT-IR, XPS and UV-vis. spectra show that, 
although sulfur atoms are eliminated to some extent, 
polymerization basically occurs at a positions of the 
thiophene derivatives by elimination of halogen atoms. For 
DBBT(308) and DBTT(351), the average conjugation 
length have been estimated to be corresponding to that of 
thiophene oligomers consisting of 5 and 8 thiophene units, 
respectively. The conductivities of DBBT(308) and 
DBTT(351)   have reached to the order of 10-3 and 10-1 

Scnr1 , respectively by doping with iodine after the UV- 
LAD process. 
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By definition Nanosatellites are space systems that can weigh 1-10 kg and can perform unique 
missions (e.g. global cloud cover monitoring, store-and-forward communications) acting either in 
constellation of distributed sensor-nodes or in a many-satellite platoon that flies in formation. The 
Aerospace Corporation has been exploring the application of microelectronics fabrication and 
advanced packaging technology to the development of a mass-producible nanosatellite. Particular 
attention is being directed at M3 (Micromachining/MEMS/Microsystems) technology which appears 
to be important in the integration and manufacturing of these satellites. Laser direct-write processing 
techniques are being applied for rapid prototyping and to specific 3D fabrication steps where 
conventional microelectronics fabrication techniques fall short. In particular, a laser based technique 
has been developed that combines the rapid prototyping aspects of direct-write and the low cost/ 
process uniformity aspects of batch processing.    This technique has been used to develop various 
fluidic components and a microthruster subsystem in a photostructurable glass/ceramic material. 
Keywords: nanosatellites, MEMS, laser 3D fabrication, photostructurable glass, 

1. Introduction 
Microelectronics, miniaturization and batch processing 
techniques have revolutionized the consumer electronics 
industry mostly in the way components, systems and major 
assemblies are designed, manufactured and sold. These 
keystone disciplines have also engendered development of 
new technologies or processing approaches, namely MEMS 
(microelectromechanical system), microsystems and 
micromachining or sometimes labeled as M3. These new 
microengineering disciplines have found successful 
application areas in many industries, from household- 
appliances, communications, automobiles and human health 
care and medicine ( - one estimate of potential world 
market >10B $US by 2004) \ In contrast, there has been 
little application of M3 technology to the aerospace industry. 
These findings engender a modicum of surprise despite the 
fact that microengineering technologies enable functionality 
at reduced mass and volume; features that are eagerly sought 
after by any aerospace systems design engineer. 

Nearly eight years ago, The Aerospace Corporation, in a 
series of papers and presentations, presented the concept of 
the mass-producible, 1kg class, nanosatellite (nanosat)2. 
Figure 1 shows a conceptual design of the nanosatellite. To 
first order the design is an exercise in integrated packaging 
technology. However, not apparent in the figure is the need 
for material processing technologies that go beyond silicon 
materials and planar microelectronic fabrication techniques. 
Nanosatellites can do viable space missions if sufficient 
functionality can be incorporated in the 1kg mass.  Systems 

engineering studies show that this becomes possible via the 
implementation of microengineering/M3 technologies3. 
Various possible missions comprise a large number (-1000) 
of nanosats in low earth orbit constellations, a smaller 
number of nanosats flying in formation4 and solitary 
nanosats conducting inspecting missions on larger satellites. 
Regardless of the mission, the development of an integrated- 
package nanosatellite and its concomitant manufacturing 
line becomes cost prohibitive unless mass-production 
approaches are incorporated in the design and large numbers 
of nanosatellites are produced. To arrive at the end goal of 
a fully-integrated, mass-producible, 1kg class nanosatellite, 
The Aerospace Corporation is taking a dual path approach in 
its research and development efforts. First, develop a near 
term experimental space platform using standard 
microfabrication techniques and second, explore a wide 
range of microengineering technologies that would lead to 
the development of a fully integrated nanosatellite. The 
experimental space platform, called the Picosat, has been 
built and was successfully launched into space in February 
2000.5 Two 250 g mass picosatellites were tethered together 
by a 33 m graded fiber at an orbital altitude of 670 km6. 
Figure 2 shows the two Picosat flight units with each unit 
having dimensions of 7.5cm x 10 cm x 2.5 cm. The data 
from both Picosats was directly transmitted to ground 
stations for analysis. The Picosat represents a first attempt 
at developing a disposable, semi-mass producible, space 
platform for experimental testing. A series of picosat 
missions are planned to test and validate microengineering 
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technologies for use on the nanosatellite.   The second set of 
picosatellites have recently been launched (Minotaur)7 

Figure 1: Nanosat conceptual design (1kg mass) 

:    - —- 
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Figure 2: Two Picosat flight units with disassembled 30 m tether 
(Courtesy of E. Y. Robinson, The Aerospace Corporation) 

In evaluating material processing technologies for the 
development of the nanosatellite, The Aerospace 
Corporation has identified several capabilities that are 
deemed important8. There is a need for rapid prototype 
processing. This capability reduces net development cost by 
enabling selective microfabrication of key structures and the 
quick evaluation of numerous nanosat subsystem designs 
without resorting to extensive processing at a foundry. 
Other important capabilities include microfabrication in true 
3 dimensions (3D), processing at an embedded interface and 
processing materials other that silicon. The nanosat, which, 
appears as a layered sandwich of processed wafers, could 
include non-silicon wafers (e.g. glass, ceramic, diamond, 
metal). Therefore, material processing tools that can 
inherently process a variety of materials is beneficial to 
rapid prototyping. The laser is one such tool. It can process 
a variety of materials and it is the only tool that can put 
down material, remove material and simultaneously serve as 
a process diagnostic. 

A laser direct-write microfabrication technique has been 
developed at The Aerospace Corporation that incorporates 
the main of the advantages of direct-write processing (e.g. 

maskless processing and true 3D processing) with the ease 
and cost-effective aspects of batch processing (i.e. parallel 
processing nominally provides process uniformity over a 
wafer scale)9. This technique has been applied to the 
fabrication of true 3D microfabricated components in 
glass/ceramic materials10. In general, serial material 
processing techniques like direct-write offer significant 
flexibility in materials processing. Modifications and 
alterations in the fabrication or design, in some cases, can be 
accommodated in near real-time. However, laser direct- 
write processing is essentially serial in nature and therefore 
a time intensive fabrication process. For example, the use 
of laser ablation to micro-fabricate simple holes can be 
costly if millions of holes are to be cut out. On the other 
hand, batch processing techniques are ideal for this case. 
Using a sequence of mask lithography, bake and etch 
processing steps, any number of holes can be fabricated cost 
effectively. Taking this example further, batch processing 
approach becomes costly and not even viable if the holes are 
to have true 3D shapes (e.g. hourglass) rather than standard 
2.5D (i.e. cylindrically extruded shapes as typically 
achieved from 2D masking and etching operations). 

It is possible to take the advantages of laser direct-write 
processing and merge it with that of batch processing if the 
direct-write segment is utilized only for volumetric 
patterning of the material and not for material removal. The 
patterning can include any complex shape that the direct- 
write tool can fashion. The resulting impregnated pattern 
can then be chemically batch processed to either remove the 
exposed or non-exposed regions. A key aspect of this 
merged process is the material. It must be made of 
photolytically active ingredients that, upon exposure, can 
either resist or be dissolved. Even though various polymers 
have this property (e.g. chemical resist technology used in 
microelectronics) there are only a handful of "engineered" 
materials that can be photoactivated and also have material 
properties suitable for space systems application. 

Certain glass and ceramic materials find use in space 
systems. Their dielectric properties and resistivity to caustic 
chemicals (i.e. for use in propellant cavities) are two reasons 
for their use. Current techniques for the fabrication of 
microstructures in glass and ceramic materials include 
micro-milling, masking-patterning and chemical etching 
and laser ablation. Neglecting for the moment the 
differences in machining quality and given that short pulse 
laser ablation (i.e. femtosecond) is found to be more 
proficient than long pulse laser ablation (i.e. nano and 
microsecond), all the techniques have the main drawback of 
process throughput. Fortunately, there is a class of 
photostructurable glass/ceramic materials that incorporate 
photoactivators that permit patterning. Furthermore, these 
materials have the unique property of controlled de- 
vitrification (i.e. crystallization) at low temperatures. As a 
consequence, a programmed bake process can convert the 
patterned material from a glass state into a full ceramic 
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state". There are over 5000 varieties of these 
glass/ceramics that go by various generic names such as 
photositalls, photocerams and pyrocerams but the most 
successful commercialization in the USA is in tableware and 
is sold under the trade name CorningWare™. Donald 
Stookey of Corning Corporation is credited with doing 
initial research on photositalls (ca 1948)12. Currently there 
are two manufacturers that make photositalls suitable for 
microfabrication applications. Foturan™ manufactured by 
the Schott Corporation and PRG-3 Photoceram 
manufactured by HOYA Corporation. To our knowledge 
the fabrication of microstructures in these photositalls is 
currently done by a UV lamp lithography step using a mask 
followed by a hydrofluoric acid (HF) chemical etch 
process13. 

In this paper we present the development of a laser 
microengineering process whereby both the direct-write and 
batch processing techniques are implemented to fabricate 
true 3D microstructures in the photositall Foturan. Our 
technique differs from the UV lamp exposure process in that 
we use a focused, high repetition rate, pulsed laser to 
volumetrically pattern the glass. We have measured, for 
selected UV laser wavelengths, the required photon dose for 
exposure, the resulting impact of the dose on the chemical 
etch efficiency between exposed and unexposed areas and 
the minimum photon dose required to trigger high efficiency 
chemical etching (i.e. exposed rates)15. In the latter 
investigation we have identified a non linear dependence on 
the laser fluence. Based on the information from these 
investigations we have fabricated numerous true 3D 
microstructure patterns either as solitary units, in large 
arrays or as interconnected pattern assemblies that function 
as a complex micro-fluidic device. We also have 
successfully patterned embedded channels within a 3mm 
thick wafer. These embedded channels are intended to 
connect fluidic reservoirs and save a sealing step in 
packaging or to undercut supported microstructures. The 
developed 3D laser microfabrication technique has been 
integrated with a rapid prototype direct-write patterning 
microstepper that is controlled by CADCAM software. 
Using this facility we have microengineered several 
prototype microthruster systems that are designed to 
maintain attitude control of a 1kg class nanosatellite . The 
microthruster impulse and thrust efficiency have been 
experimentally measured17. One particular design flew in 
space on a recent NASA Shuttle mission, STS-93 in July 
199918. 

2. The Fabrication Process 
Photositalls function via a three step process; an 
illumination step, a ceramization step and a preferential 
isotropic etching step19. For Foturan, the photosensitive 
character arises from trapped Ce3+ (admixture Ce02) and 
Ag+ (admixture Ag20) ions that are stabilized by Sb203 in 
lithium aluminosilicate.20     Using the conventional linear 

and a free electron at photon energies near 3.97 eV (318 
nm). The free electron neutralizes a nearby Ag+ ion (i.e. 
Ag+ + e" -> Ag°) leaving a latent image of the absorption 
event. In the ceramization step, migration and local 
clustering of the Ag° nuclei lead to formation of lithium 
silicate crystals. In a 5% solution of HF these crystals etch 
20-40 times faster than the unexposed amorphous material. 
An aspect that is critical to the surface finish of the final 
microstructure or the degree of ceramization is the growth 
rate of the crystals and the maximum bake temperature. 
Both growth rate and phase of the lithium silicates can be 
controlled during the bake step. A low temperature (-600 
C) bake results in multi-phase crystals that dissolve in HF 
acid, while a high temperature bake (>700 C) forms a true 
ceramic phase that is resistant to HF. Figure 3 shows data 
from X-ray diffraction analysis of two processed samples: 
an exposed but not baked sample (Top: glassy-amorphous 
state) and a sample that has undergone a programmed bake 
sequence for ceramization (Bottom). 
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Figure 3: X-ray 2© scans of amorphous (exposed but not baked) 
sample (top); and crystalline (exposed and baked) (bottom). The 
identified bands in the bottom scan are for lithium silicate. 

The   Aerospace   microfabrication   process   utilizes   the 
wavelength dependence of the UV absorption to control the 

Proc. SPIE Vol. 4088 321 



volume of material that is exposed. By changing the laser 
wavelength from 248nm (OD=3.0) to 355 nm (OD=0.1) it is 
possible to vary the penetration depth of the laser light from 
less than 100 microns to over a mm. During exposure we 
also control the incident laser fluence and the applied dose 
(i.e. number of laser shots). Finally, great care is taken to 
control the shape of the laser beam, the focal volume and 
the depth of focus (i.e. confocal parameter b=2roo0

2/A, 
where co0 is the beam radius at waist and X is the 
wavelength). All these controls insure against thermal 
runaway damage within the focal volume region and also 
permit better precision in the depth of exposure. Figure 4 
shows that for a constant laser fluence the exposure depth 
depends on the number of shots applied. This data suggests 
that by controlling the laser shot number (i.e. for constant 
fluence) the material can be made to "cut" to a 
predetermined depth. 

standing structures and microstructures that are true 3D 
patterned. Figure 5 shows two free standing structures that 
can be used for prototyping resonant microstructures and 
springs, while in Figure 6 a prototype design for a 4-way 
fluidic mixing and passthrough device is shown. The etched 
pattern utilized four DXF-layers. In Figure 7 we show a 
similar device that has been transformed into full ceramic 
state. Feature resolution of better than 20 microns can be 
maintained during the glass to ceramic transformation 
process. 

Early experimental results from our laboratory suggested 
that a critical dose of UV light is necessary to form a 
connected etchable network of lithium silicate crystals. This 
hypothesis could be cast in the equation shown below, 

Dc a Fm(r,z)N 

100 1000 
Number of Pub es 

Figure 4: Etch depth versus number of laser pulses (266 nm) for 
constant per pulse laser fluence and constant etch protocol. 

The aforementioned controls are integrated with an XYZ 
micro-stepper that is accurate to 5 microns over 100 mm XY 
translation and an automated system that can transfer one of 
four incident laser wavelengths to the sample surface. 
Three individually selectable microscope objectives can be 
used to focus the laser beam unto the sample (5X, 10X and 
20X). Two high repetition lasers "feed" the exposure tool. 
A 2kHz excimer laser (Potomac Photonics SGX1000) and a 
1kHz diode seeded Nd-Yag laser (Continuum HPO-1000). 
Automated fast shutters flag on/off the various laser beams 
and power meters are used for average power readings. 
Local dose control can be set through software commands to 
the stepper motor speed parameter or via burst-commands to 
the laser. For a multi-color exposure process, the various 
wavelength patterns are drawn separately, as layers, using 
AutoCAD™ software. The DXF output of the AutoCAD 
software is converted to machine control language using a 
translator program. All or any selected number of 
wavelength specific layers can be run automatically. 

We have used this in-house developed direct-write laser 
exposure tool to fabricate various microstructures including 
resonant beams, springs and fluidic channels in glass or 
ceramic materials. This capability enables the development 
of ceramic or glass based MEMS.  We have fabricated free 

where Dc defines the critical dose fox forming a connected 
etchable network of lithium silicate crystals, F is the fluence 
(J/cm2) with radial dependence, r, and depth dependence z 
and power dependence m. N is the number of laser shots. 
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Figure 5: SEM of a free standing meander spring(200 um deep, 80 
um wide and 4 mm long) with proof mass (left) and an optical 
microscope photograph of a bow-spring loading a piston, 10 mm 
long with bow tapering to 80 urn wide (right). 

Figure 6: Prototype fluidic mixing chambers in Foturan. Wafer is 
lmm thick. 

322 Proc. SPIE Vol. 4088 



To test this hypothesis an experiment was devised that used 
a pulsed diode seeded Nd-Yag system operating on the 3r 

and 4th harmonics to irradiate 1 mm thick Foturan samples 
with a known spot size. The analysis consisted of precisely 
measuring the etch depth (for 266nm irradiation ) and hole 
diameter (for 355nm irradiation) as a function of the number 
of laser pulses with a proven Gaussian profile. Both the 
hole depth and diameter define a boundary region where the 
material is barely exposed, but has not developed a 
connected network of crystals to promote etching. This 
region is easily identifiable in cross section scanning 
electron microscope (SEM) pictures in which the images 
show isolated crystals. For a Gaussian spatial distribution, it 
is possible to derive the total irradiated laser fluence (and 
dose) at the boundary region presuming there is 
measurement of the irradiated laser pulse energy. 

Figure 7: Prototype fluidic device patterned and etched and then 
converted into ceramic state. 

Critical Fluence vs. Number of Shots 
355 nm Exposure 
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Figure 8: Non-linear exposure process, data for 3 spot sizes (0.5, 
0.3, and 0.17 mm) are plotted. The results for 266 nm are similar 
but not shown21. 

In our experiment, the spot size on the sample was measured 
using a knife edge on a translation stage and in front of a 
power meter. The results which could be fit to an erfc 
function corroborated a Gaussian spatial energy distribution 
profile with a defined spot size too- Consequently, by 
measuring laser power and number of laser shots 
administered per sample, it is possible to derive the laser 
fluence and the irradiated total dose at the boundary regions. 
Figure 8 plots this derived fluence as a function of laser shot 

number on a log-log scale. The fit is for m=2. The result 
indicates a squared dependence on the laser fluence. We 
can not yet experimentally prove whether the non-linear 
fluence dependence results from a photoabsorption process 
(i.e. via a true sequential two photon process or a process 
that involves a long lived intermediate state and some form 
of energy pooling) or is merely a consequence of the 
required density of etchable sites. Further experiments are 
underway in our laboratory to elucidate the underlying non 
linear mechanism in the photolytic process. Regardless, 
these results are surprising but they enable the laser to 
microfabricate embedded structures. By regulating the dose 
to near the measured critical value and by appropriately 
shaping the laser focal volume we have microfabricated 
embedded stacked channels. Figure 9 shows two 
rectangular stacked channels that were exposed from the 
same side. Note that there is no exposure above and below 
each channel and also none in between. The material is 
only exposed in the volume region where the administered 
laser dose is above a critical value. 

II 
~2 mm 

Figure 9: Two channels exposed from the top surface without 
inducing any exposure in between. This post-baked Foturan 
clearly shows which regions have been exposed. 

This capability for embedding microchannels or 
microstructures has numerous applications. Specifically, it 
reduces a potential wafer bonding step in a micro-fluidic 
application and enables the selective undercutting of 
supported structures. An embedded exposure does not 
necessarily lead to an embedded cavity. The length and 
aspect ratio of any embedded microcavity structure will 
strongly depend on getting the etchant into the exposed 
region and removing the byproducts. 

3. Microthruster Applications 
Microthrusters (1-lOmN force) are used for propulsion and 
attitude control in small space satellites. Smaller 
microthrusters in the 10 - 1000|jN class can also be used for 
dynamic suppression/damping of vibrations in extended 
space structures. Microthruster propellants can be a high 
pressure gas, a liquid, a sublimating solid or a chemically 
reactive solid. Regardless of the type of propellant, the 
efficient use of the limited supply is always a paramount 
issue to space system designers, because spacecraft lifetime 
is usually dictated by the availability of the onboard 
propellant. This concern becomes more acute for pico and 
nano satellites (<lkg class) because of the overall limited 
size and volume.    Regardless of the microthruster type, 
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microthrusters typically have mesoscopic (cm to mm-scale) 
dimensions (e.g. fuel tank volume), microscopic (micron- 
scale) segments (e.g. fuel lines) and even nanoscopic 
(nanometer-scale) structures (e.g. surface coatings). The 
large dynamic range in dimension over which a material 
must be processed places a constraint on the accuracy of 
fabrication tools when developing an integrated 
microthruster. For example, an integrated ion propulsion 
system would require the fabrication of a fuel tank (cm- 
scale) that is "co-fabricated" with an array of field emitter 
tips (nanometer scale). For numerous materials, laser 
processing offers one approach to bridging this wide 
dynamic range of precision processing. By implementing 
high fluence techniques like laser ablation with medium 
fluence techniques like direct-write volumetric patterning 
and low fluence techniques that lead to surface texturing, it 
is possible to use a laser to co-fabricate cm scale structures 
with nanometer scale structures. 

Using the laser direct-write technique discussed above, we 
have developed several prototype microthrusters. First, a bi- 
directional cold gas microthruster (lmN class) was 
developed in which one key element of the unit was the 
precise microfabrication of the hour-glass shape exit 
nozzle22. The hour-glass shape is easy to profile with an 
appropriate f-number (f/#) objective lens and the setting of 
the laser dose to initiate exposure within both the focussing 
and diverging focal volume. As a consequence, the hour- 
glass shape can be fabricated from one side of the 
glass/ceramic wafer and uses only one pulse from a 10ns 
Nd-Yag laser operating in the third harmonic. No 
trepanning operations are required. 

Another type of microthruster has been developed which 
essentially is an array of individually addressable microsolid 
thrusters23. It is a stack of three wafers comprising of two 
silicon wafers sandwiching a glass ceramic wafer. The 
bottom wafer contains a patterned array of resistors that act 
as igniters, the middle wafer contains an array of fueled 
micro-chambers that have been fabricated using the laser 
direct-write volumetric patterning technique and the top 
layer is a patterned array of SiN membranes that are 
designed to contain the rising combusting gas pressure to a 
predetermined value. The advantage of the thruster design 
is its ease of fabrication and the ability to simultaneously 
make a large number of one-shot microthrusters on wafer 
scale dimensions. Figure 10 shows a picture of an 
assembled 15 "one-shot" microthruster array on a US penny. 
The per pixel thrust provided is measured to be 80mN on 
average and roughly 60W of power is released during the 
roughly 0.4 msec combustion event24. The glass/ceramic 
fuel layer plays an important role in this microthruster 
design. The firing of one microchamber must not induce 
fratricide to an adjoining chamber. With a brittle material 
like single crystal silicon, there is the potential for cleaving 
and near-neighbor ignition as a result of the shock wave 
from   the   micro   explosion.       However,   by   using   a 

glass/ceramic material for the fuel container, we expect to 
get a more robust device and reduce the potential for near- 
neighbor fratricide. Measurements done in our laboratory 
show that the modulus of rupture (MOR) of the vitreous 
glass state is 60 N/mm2 and increases to 98N/mm2 after 
partial ceramization. The near term goals for the digital 
thruster program are to fly an experiment on a suborbital 

\25 rocket (i.e. Scorpius)   and a follow-on Picosat mission. 

Figure 10: A (3x5) array of digitally addressable microthrusters 
(the four side holes are used for alignment during assembly). 
Thruster coupon flew on US/NASA Shuttle mission STS-93 and 
was tested for mechanical survivability using an inert propellant. 

4. Discussion 
The direct-write laser material processing technique, as 
presented, is an attempt to merge the advantages of direct- 
write processing (i.e. flexibility) with that of batch 
processing (i.e. process throughput). The technique works 
as a merged process because of the unique photo-absorptive 
and low temperature devitrification properties of the 
photositall material Foturan. In this case a glass/ceramic 
material can be volumetrically "micro-machined" in three 
dimensions without resorting to laser ablative or micro- 
milling operations, alleviating high residual stresses, and 
without resorting to multiple mask step operations, 
obviating the high cost of multiple mask development. 
Although photositalls are a unique class of materials, some 
thought should be given to the "engineering" of materials 
for laser direct-write patterning and batch process etching 
applications. 

For space systems development, the types of materials that 
would be preferred commonly have robust mechanical 
properties (e.g. to withstand the rigors of launch and survive 
in the harsh UV and charged particle environment of space). 
Furthermore, in most terrestrial applications, there is a 
particular advantage in choosing materials that can also 
serve as substrates for electronics or photonics. The 
commercially available photositalls can fulfil some of these 
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requirements but certainly not all. But consider this: With 
the advent of polymer electronics and the growing trend for 
direct-write deposition of electronic components , it will 
not be long before direct-write electronics technology is 
available (though clearly not with the e-h mobilities possible 
in semiconductors). Direct-write photonics may require a 
longer development period but is possible. Regardless, 
lasers, in general, will play a role in direct-write material 
processing27. The key is developing a laser direct-write 
capability to micro-process a substrate material that permits 
co-fabrication of micromechanical, microfluidic, electronic 
and photonic components. The resulting device would be a 
true direct-write processed microsystem. In this regard, 
developing an "engineered" substrate for laser processing is 
crucial. The "engineered" substrate material must be such 
that, upon wavelength specific laser excitation, the material 
is altered in a fashion that can be further processed either 
chemically, or via a much reduced fluence laser 
ablation/desorption process. The latter processing approach 
would use very large area (» cm) low fluence lasers to 
selectively remove material, somewhat mimicking a 
standard batch process but employing an environmentally- 
friendly dry mass-removal processing step. A step in this 
direction is the work of Sujioka et al. on multistep laser 
processing of GaN laser ablation/etching where it was 
shown that the simultaneous radiation of laser wavelengths 
(157nm and 248nm) significantly increased the quality of 
the etched pattern28. Developing a special substrate for 
laser direct-write processing will require a better 
understanding of the laser material interaction phenomena. 

In The Aerospace Corporation process we have focused on 
the development of a non-ablative laser microfabrication 
technique that can be applied to photostructurable glass 
ceramic materials. These materials can be used in the 
design of microsystems where the intrinsic properties, 
common to most glasses, and the unique properties of 
ceramics are found to be important. The Aerospace 
Corporation applications have been in the development of 
microthrusters for nanosatellite applications. Our technique 
has been used to fabricate arrays of 3D microstructures on 
or within a wafer with resolution near 20 microns. Both 
semi-ceramic and full ceramic components have been 
microfabricated without loss of resolution. Currently, the 
resolution of the technique is not limited by the laser or the 

chemical etch process but by the chromophore (i.e. trapped 
charge) doping density set by the glass manufacturer. It 
would be a valuable exercise to process a photositall glass 
manufactured with a higher chromophore doping density 
and explore the feasibility of fabricating microstructures on 
the micron or submicron level. 

Our results do not shed light on the fundamental exposure 
process or the extent to which the host material in the glass 
(i.e. Si02) is "solarized" by the UV laser and how this 
solarization effects lithium silicate crystal growth. These 
are subjects of ongoing work at The Aerospace Corporation. 

5. Summary 
Future space architecture designs include missions for 
satellites with mass ranging from 1-10 kg (i.e. 
nanosatellites). For these missions to be viable and cost 
effective, these nanosatellites must be designed and 
fabricated using mass-production concepts. Laser material 
processing has specific advantages over other processing 
techniques. In particular, its versatility in processing of 
numerous materials and its non-intrusive in situ processing 
nature. Laser   direct-write   processing   has   special 
advantages in rapid prototyping applications and if the 
direct-write techniques could be used to "sensitize" the 
material with the pattern, it is conceivable that the laser 
direct-write approach can also be used during 
manufacturing. The Aerospace Corporation has developed 
such a technique for the volumetric patterning of 
glass/ceramic materials which are subsequently batch 
processed using a wet chemical. The technique has been 
used to fabricate various microthrusters which are now 
undergoing space testing. 
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Abstract. 

Currently, an ever increasing need for bandwidth, compactness and efficiency characterizes the world of 
interconnect and data communication. This tendency has already led to serial links being gradually replaced by 
parallel optical interconnect solutions. However, as the maximum capacity for the latter will be reached in the 
near future, new approaches are required to meet demand. One possible option is to switch to 2D parallel 
implementations of fibre arrays. 
In this paper we present the fabrication of a 2D connector for coupling a 4x8 array of plastic optical fibres to 
RCLED or VCSEL arrays. The connector consists primarily of dedicated PMMA plates in which arrays of 8 
precisely dimensioned grooves at a pitch of 250 urn are introduced. The trenches are each 127 um deep and their 
width is optimized to allow fixation of plastic optical fibres. 
We used excimer laser ablation for prototype fabrication of these alignment microstractures. In a later stage, the 
plates can be replicated using standard molding techniques. 
The laser ablation technique is extremely well suited for rapid prototyping and proves to be a versatile process 
yielding high accuracy dimensioning and repeatability of features in a wide diversity of materials. The 
dependency of the performance in terms of quality of the trenches (bottom roughness) and wall angle on various 
parameters (wavelength, energy density, pulse frequency and substrate material) is discussed. 
The fabricated polymer sheets with grooves are used to hold optical fibres by means of a UV-curable adhesive. 
In a final phase, the plates are stacked and glued in order to realize the 2D-connector of plastic optical fibres for 
short distance optical interconnects. 

Keywords: 2D parallel fibre connector, optical interconnect, laser ablation, optical alignment structures. 

1. Introduction. 

A number of technologies are at our disposal for fabrication of 
microstructures: LIGA (German acronym for lithography, 
electroforming and molding), deep proton lithography and 
standard processes from the micro-electronic manufacturing 
technology. In general these fabrication methods suffer from 
low throughput, severe environmental requirements and high 
cost. Injection molding and embossing allow mass fabrication 
in a very fast way but due to expensive master tools (matrix), 
these technologies are unsuitable for fabrication of 
components in small or moderate amounts. 
The last decade, excimer laser ablation has acquired the 
reputation of being a reliable technology for fabrication of 
microstructures. This non-resist technique does not require 

clean-room facilities, can be applied on a broad range of 
materials and is potentially fast since it allows parallel 
processing by means of mask patterns. It is therefore 
extremely suited for prototyping, proof-of-principle and 
fabrication of micro parts in small amounts or in applications 
where conventional tools (e.g. mechanical drilling) become 
too bulky and are not accurate enough. 
Typical applications for laser ablation are via-drilling in 
printed circuit boards, removal of short cuts in electronic 
circuitry, wire stripping, fabrication of waveguides, micro- 
lenses and alignment structures in polymers, tissue removal in 
medical oriented applications 1'2,3'4,5... 
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In this paper we focus our attention on alignment structures 
and investigate the feasibility of the technique for optical 
interconnect applications with plastic optical fibres. 
For short-distance purposes as e.g. chip-to-chip interconnect 
within racks, POF (Plastic Optical Fibre) can be a very 
valuable alternative for glass fibre based solutions. Due to its 
higher numerical aperture and core size in comparison to glass 
fibre, POF provides enhanced coupling efficiency and relaxed 
alignment tolerances. In addition, the fibre is very flexible, 
allows easy end-facet preparation with a hot-knife technique 
and is a basically low cost solution. The fact that POF has a 
higher loss than glass fibre is of little importance since we 
consider interconnect distances that vary between a few 
centimeter and 1 meter. However, at this moment only ID 
connectors (MT-like ferrules) are commercially available 
while the ever increasing need for higher bandwidth begs for 
2D solutions. In this paper we demonstrate the fabrication of 
such a connector with laser ablation and report on our first 
results. 

2. The 2D POF connector concept. 

FIG. 1 illustrates the concept of this 2D connector. It consists 
of a number of stacked polymer plates (thickness slightly 
smaller than 250 micron) with U-grooves in which POFs are 
fixed at a pitch of 250 micron. 

FIG. 1: The 2D-connector concept for plastic optical fibres. 

We chose a trench geometry as surface profile for plastic 
optical fibre alignment since the open upper side allows rather 
easy insertion of the fibre and the depth of the grooves, 
defined by the diameter of the fibres (125 micron), is within 
the limits of what one can achieve with excimer laser ablation 
by aperture or mask imaging. 
Around the stack of grooved plates (this is called the ferrule) a 
structure containing alignment features for coupling to other 

ferrules or to transceivers is added. These features can be e.g. 
alignment pins as shown in FIG. 1. In this paper we focus on 
the fabrication of the ferrule. 

3. Fabrication of the fibre alignment structure. 

The alignment structure consists of 8 grooves at a pitch of 250 
(im, each having a length of 10 mm and a depth of 127 um. 
The latter ensures that there is enough space for the UV-curing 
glue to cover a fibre with a nominal diameter and allows a 
little tolerance on the fibre diameter. 

ablation speed at 248 nm 

0   200  400  600  800 1OO0 1200 1400 1600 1600 

energy density (mJ/cm2) 

FIG. 2: Ablation characteristics of PMMA and PC at 248 nm, derived from 
the depth of ablation for 50-pulse holes (70 Jim). 

The choice of the substrate material and the excimer 
wavelength has been based on experiments with the polymers 
polymethylmethacrylate (PMMA) and polycarbonate (PC), 
and two common excimer wavelengths: the ArF transition at 
193 nm and the KrF transition at 248 nm. For both 
wavelengths and materials, we made the grooves in two ways 
which we will call the 'moving aperture' and the 'hybrid mask 
method. The first approach uses a single square aperture of 
800|im as mask geometry, which is scanned along the 
substrate, ablating grooves of 160 urn (demagnification 5) 
width sequentially. The latter method uses a more complex 
mask that is imaged onto the substrate. The mask pattern 
consists of 4 grooves, each of length 2.5 mm and is designed 
for the same demagnification as mentioned above. Due to the 
limited field of the projection lens we were not able to further 
increase the area of the mask. Therefore it was still necessary 
to scan the pattern along the substrate surface. However, the 
scanning time is much shorter since several grooves are 
ablated at the same time and the length of the groove pattern 
on the mask is longer (2.5 mm versus 800 urn). Since our laser 
ablation set-up does not include a homogenizer, the scanning 
improves the smoothness of the grooves due to averaging of 
the spatial intensity distribution of the laser pulses. 
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PMMA has a rather low absorption coefficient which allows 
the pulse to penetrate deeper into the material (higher ablation 
rate) but which is also responsible for the higher threshold of 
the pulse intensity as illustrated in FIG. 2. 
After ablation of the grooves, a cleaning step with water and 
pressurized air was performed. 
The experiments were carried out with a Lumonics Pulse 
Master 848 (suitable for both KrF and ArF gas mixtures) and 
by means of an optical set-up as in FIG. 3. A Molectron J3 
pyroelectric joulemeter, put at far distance from the image 
plane, was used for energy density measurements. 

LED mask 
illumination 

E 
f 
V mirror 

■ mask 

pyro-electric detector 

beam splitter 
rsubstrate on high-accuracy 

translation table 
FIG. 3: Laser ablation set-up. 

4. Fabrication procedure of the 2D ferrule. 

MT ferrule 1X8 POF 
array 

Plates with 
grooves 

MT ferrule 

FIG. 4: Setup for fixing the POFs in the grooves. 

The fabrication of the ferrule can be divided in three main 
steps: ablating the grooves, introducing the POFs in the 
grooves, and finally stacking the plates with grooves. The 
production of the grooves has been discussed in detail in 
paragraph 3. The fixation of the POFs is performed as follows: 
a 1 X 8 array is stretched and roughly aligned by means of two 
standard MT™ ferrules (FIG. 4). Then the plates with grooves 
are pushed against the POFs in such a way that the fibres are 
now laying in the grooves. Finally the POFs are fixed with 

UV-curing glue and the complete plate with fibres is cut with 
a knife at 110 °C. A plate with POFs can be seen in FIG. 5. 
The POFs are prototype fibres (POFs with an outer diameter 
of nominally 125 um and a core of 63 um are not yet 
commercially available) with a relatively high non-uniformity 
of the diameter (115-135 (xm). This will strongly influence the 
precision on the position of the fibres. 

FIG. 5: Grooves with POFs, hot knife terminated. 

The following step in the assembly of the ferrule is the 
stacking of the substrates. If the plates are stacked at a pitch of 
250 um, one obtains a 2D POF ferrule with a pitch of 250 urn 
in 2 directions. In order to perform this stacking, a method 
called "virtual" alignment is developed. 

CAM2 

CAM1 

a. The first plate is looked at with 2 cameras. 

^ 
b. The corners of the plate are aligned on the crosshairs of 
the cameras. 

c. The plate is moved over an exact distance of 250um. 

d. The second plate is aligned on the crosshairs. In this way 
the plates are positioned at a pitch of 250|am. After this 
step the plates are glued together. 

FIG. 6: 'Virtual' alignment. 
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The principle of this technique is based on two key elements: 
the use of two independent movable cameras and the use of a 
translation table with sub-micron precision. The method is 
explained with an example in FIG. 6: two plates are stacked at 
a pitch of 250um. This procedure can easily be expanded to 
stack several plates. This method neither uses a mask nor a 
master tool, but it creates a kind of "virtual" mask on which 
the plates are aligned. Hence it is a flexible and versatile 
technique for the assembly of prototypes. 

5. Experimental results. 

A. Laser ablation of the grooves. 

A number of parameters are at our disposal to fabricate the 
grooves: energy density of the pulses, pulse frequency, 
substrate material, fabrication method (as mentioned above) 
and number of passes of the aperture or mask over the 
substrate. We performed a number of tests in which we 
fabricated grooves of nominally 100 um for different values of 
the upper parameters. Depth and roughness of the grooves 
were measured by a Wyko and a SEM was used to look at the 
profiles. We will here summarize our conclusions. 

FIG. 8: PC ablated with 193 nm ArF wavelength. 

The case for PC is even worse: ablation at 193 nm resulted in 
a very rough structure, which is totally unsuitable for 
alignment purposes (FIG. 8). The cone like structure on the 
bottom increases as the energy density and/or frequency is 
raised. At 248 nm, it ablated well with speeds up to 240 
nm/pulse for 680 mJ/cm2. The RMS roughness stayed well 
below 0.3 nm. 

•     Influence of pulse frequency and energy density. 

Naturally, increasing the energy density speeds up the ablation 
process and for both materials we observed a better surface 
quality for energies much higher than the threshold values. 

•    Influence of the wavelength and material type. 

We ablated PMMA and PC with 193 nm as well as 248 nm 
excimer laser irradiation. 
For PMMA we observed an ablation rate which is about 280 
nm/pulse for 193 nm at 270 mJ/cm2. At the KrF wavelength, 
where we were able to reach higher energies, etch rates as fast 
as almost 1 urn per pulse were obtained at a far higher energy 
density level (623 mJ/cm2). However, the benefit of higher 
etching speed is accompanied by a higher roughness of the 
bottom as illustrated in FIG. 7. 

RMS roughness of bottom for PMMA 
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FIG. 7: PMMA ablation characteristics with the hybrid mask method. 

FIG. 9: The resulting structure for PMMA ablated at 248 nm (690 mJ/cm2) 
with the 'hybrid' mask method. The left picture for ablation at 5 Hz, the right 
one for ablation at 50 Hz. 

However, at these energies, if one increases the frequency as 
well, deformation of the groove structure can occur, as we 
observed for PMMA at 248 nm (FIG 9, right). 

.._             f    v* 
FIG. 10: Ablated grooves in PMMA~at 193 nm with 94, 130 and 182 mJ/cm2 

respectively. 

•     Influence of the fabrication method. 

We varied the number of times that the mask scans over the 
substrate, keeping the total number of pulses fired in the 
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grooves constant. FIG. 11 summarized the results: for the 
aperture method, more passes (up to 5) speed up the ablation 
process; for the hybrid mask approach, the gain in speed by 
increasing the number of scans is rather little. This can be 
explained by the steepness of the exposed surface, which 
undergoes ablation: in the hybrid mask method this angle is 
much smaller than in the case of the moving aperture. Thus 
the energy density at this surface remains higher and ablation 
still takes place without much loss of speed. 

Influence number of pans on ablation 
rate for PMMA at 193 nm. 

influence number of passes on ablation 
rate of PC at 24« nm. 

Ilieo 
|f,40 
■8-120 

100 

I I 
i 

I             I 
i             i 

i ^ mask at 190 rnJ/cm2 

m apartura at 213 mJ/cnä 

120 

S — ,1° 
S|ioo I        1 

4 mask at 160 ml/erre 

■ aportira at 160 ml/cm? 

number of passes 

2 3 

number of passes 

FIG 11: Influence of the number of passes to fabricate the grooves. 

Based on these results, we chose PMMA as substrate material 
and used the ArF wavelength for the fabrication of the grooves 
with the 'hybrid mask' method (FIG. 12). In this way we were 
able to produce the full alignment structure of 8 grooves each 
10 mm long in only 20 minutes. The pulse frequency was 20 
Hz and the energy density 270 mJ/cm2. The resulting grooves 
had a wall angle of approximately 78 degrees and a bottom 
RMS roughness of 0.33 um. 

FIG. 12: The alignment structure in PMMA ablated at 193 nm. 

B. Realization of the ferrule. 

A 4X8 POF array (FIG. 13) was realized using POFs with a 
core diameter of 63 um and a cladding diameter specified at 
125 nm. In order to evaluate the assembly method the position 
of the POF cores was measured. The precision of these 
positions is defined by two factors: first the position of the 
POFs in the grooves and second the quality of the stacking 
procedure. The pitch between adjacent fibres in one plate is 
mainly influenced by the position of the POFs in the grooves: 
we found an overall average of 249 um with a standard 
deviation of 10 urn (FIG. 14). This value indicates that the 

grooves are made at an exact pitch but that the POFs 
themselves are not always in the right position in the groove. 
A large part of this error is caused by the varying POF 
diameter. We calculated the average Y position of a row of 
POFs in one plate and a standard deviation of 10 urn was 
found here as well. 

FIG. 13: Fragment of 4X8 POF array. 

Pitch 

Yaverage 
FIG. 14: Position of POFs in grooves. 

In order to evaluate the stacking procedure we looked at the Y 
pitch: the distances between the average Y position lines of 
the different POF rows (FIG. 15). Values between 237 and 
259 urn were found with an average of 246 um. Part of the 
large spread of the results can be explained by a non- 
optimized gluing procedure. A similar calculation for the X 
direction revealed values between 242 and 256 urn with an 
average of 249 um. 
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FIG. 15: Parameters related to stacking. 

6. Conclusions. 

We developed 2D ferrules with promising characteristics for 
the use in 2D connectors for parallel POF-based optical links. 
We investigated and evaluated several techniques for the 
production of these ferrules: laser ablation, hot knife cutting 
and 'virtual' alignment. Experiments revealed good average 
results but suggested that a further effort has to be performed 
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in order to increase the uniformity of the results, especially 
with respect to the alignment of the POFs in the grooves in 
spite of the micron accuracy of the trenches. 
However, as an overall conclusion we can state that the above 
mentioned techniques are adequate for the assembly of 
prototype 3D connectors. 
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Ce-doped yttrium iron garnet (Ce:YIG) thin films were deposited for the first time by pulsed- 

laser deposition (PLD) on gadolinium gallium garnet (GGG(lll)) substrates. Well crystallized 

film was obtained at high substrate temperature (~ 900 *C) and in low Ar gas pressure (-~ 50 

mtorr). A Faraday rotation angle was wavelength dependent, and the largest value was 4.2 X 

104 deg/cm at 420 nm. The control of the charge state of Ce ion is necessary for crystallization. 

The deposited Ce:YIG films were transferred by laser-induced forward transfer (LIFT) process 

to obtain a thick film. 

Keywords: laser ablation, pulsed-laser deposition, thin film, Ce:YIG, laser-induced forward 

transfer 

1 Introduction 

A surge sensor system is needed for high power 
line. Ce-doped yttrium iron garnet (CerYIG, 
Ya-jjCe^FesOia) is a promising material as using 
Faraday effect [1,2]. Ce:YIG, in which a part of Y in 
YIG (Y3Fe50i2) is substituted by Ce, shows larger 
Faraday rotation angle compared with YIG. For an 
application as small sensors, Ce:YIG has to be formed 
in a film with good crystallinity, high optical trans- 
mittance and large Faraday rotation angle. On the 
other hand, pulsed-laser deposition (PLD) is a pow- 
erful technique for the deposition of a variety of thin 
films, especially for oxides. YIG thin film has been 
fabricated by PLD with good crystallinity [3]. In 
this experiment, Ce:YIG was deposited on GGG(lll) 
substrate by PLD for the first time. The crystallinity, 
transmittance and Faraday rotation angle of the thin 
films, which were deposited in various temperature 
and pressure, were measured.   To obtain thick film 

for larger Faraday rotation angle, the stack deposi- 
tion by laser-induced forward transfer was attempted 
for the first time. 

2 Setup 

A Ce:YIG (Ya-xCe^esO^, x=0.6) sintered target 
was ablated by an KrF excimer laser with an abla- 
tion fluence of 4 J/cm2 and an energy of 50 mJ in a 
chamber filled with an oxygen or Ar gas. GGG(lll) 
substrate on a SiC heater was placed 45 mm below 
the target, and the temperature was monitored by 
a radiation thermometer. The crystallinity and the 
surface morphology of the deposited film was mea- 
sured by a x-ray diffractometer (XRD) and an opti- 
cal microscope. The transmittance was measured by 
a spectrophotometer. 

3 Characteristics of Ce:YIG films 

Fig. 1 shows the x-ray spectrum of Ce:YIG films 
deposited on GGG(lll) substrate under different Ar 
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il 1: XRD spectra of Ce:YIG films deposited on 

GGG(lll) substrate. Temperature was 850 *C in the 

deposition and the ambient gas was Ar. 

gas pressure. The temperature during deposition was 
850 V. The XRD spectra at around 29 = 51 de- 
gree is from GGG(lll) plane, and the three peaks 
correspond to the fine structure of the Cu-Ka x-ray 
spectrum. On the other hand, the peaks around 29 
= 50.5 degree is from Ce:YIG (111). The crystallized 
Ce:YIG films were obtained only at lower Ar gas pres- 
sure. 

The crystallization of Ce:YIG thin film is sum- 
marized in Fig. 2 for different Ar gas pressure and 
temperature. The good crystallinity was obtained at 
lower Ar gas pressure and higher temperature. On 
the other hand, no crystallized film was obtained with 
the deposition under oxygen gas atmosphere with the 
oxygen gas pressure ranging from 10 to 400 mtorr, 
and between 750 and 850 t temperature. This may 
be explained on the basis of chemical substitution. Ce 
atoms have to be substituted in the yttrium site with 
a charge state of 3+ to have a crystallinity. When 
the film is deposited under high Ar gas pressure or 
low temperature, the ablation plume is confined in a 
smaller volume [4,5], and Ce atoms stay for a long 
time in the gas phase before reaching to a substrate, 
and are oxidized to Ce02 by the oxygen originated 
from the target. As a result, most Ce atoms incor- 
porated into the film with a charge state of 4+. Fur- 
ther, when the atmospheric gas was oxygen, Ce atoms 
were easily oxidized, therefore no crystallization was 
obtained. 

Fig. 3 shows the transmittance spectrum of the 
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12 2: Summary of crystallinity of Ce:YIG films de- 

posited on GGG(lll) substrate deposited in Ar am- 

bient gas. 
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03 3: Transmittance spectra of Ce:YIG thin films de- 

posited at 850 t. 

Ce:YIG film deposited at different Ar gas pressure. 
The cut off wavelength where the transmission re- 
duced to zero, shifted to the longer side at lower gas 
pressure. The color of the film deposited at 10 mtorr 
of Ar was dark green, and at 200 mtorr was brown. To 
our experience, all dark green films were crystallized. 

Fig. 4 shows the Faraday rotation angle as a func- 
tion of wavelength at an applied magnetic field of 3000 
Oe. The rotation angle was very small for a noncrys- 
tallized film deposited at 850 "C and at the Ar gas 
pressure of 50 mtorr. In crystallized film, the rota- 
tion angle positively peaked at about 430 nm, and 
became negative at wavelength longer than 850 nm. 
Similar behavior has been reported with the film de- 
posited by rf sputtering [7]. The maximum value was 
4.2 degree/^m at 420 nm with the film deposited at 
900 *C and an Ar gas pressure of 20 mtorr. No ap- 
parent Faraday rotation was observed for the films 
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deposited at lower than 800 'C. Therefore, to enlarge 
the Faraday rotation angle, it is important to con- 
trol the crystallinity, in other words to control the 
charge state of Ce. It may be possible to monitor 
the charge state in the PLD process by laser-induced 
fluorescence (LIF) or two-dimensional laser-induced 
fluorescence (2D-LIF) [4-6], in which the behavior of 
Ce, CeO and CeC>2 are monitored. 

4 Fabrication of film by LIFT 

Laser-induced forward transfer (LIFT) is a tech- 
nique for the fabrication of thin film, particularly spa- 
tially localized thin film. In the past investigations, 
micron-sized single stratum thin films has been de- 
posited by LIFT [8-10]. For the electro-optic device 
application, thick film is needed to obtain a large 
Faraday rotation angle. In this investigation, the 
stacking of Ce: YIG thin film by LIFT was firstly tried. 

Fig. 5 shows the experimental setup for LIFT. Two 
Ce:YIG thin film, deposited on GGG at 950 "C and 
at Ar pressure of 200 mtorr for 4 hours by conven- 
tional PLD, were used. The color of the films was 
between dark green and brown, so they were crystal- 
lized in part. The donor film was ablated from the 
backside by a second-harmonic wave of YAG (532nm) 
through an objective lens. The ablation energy was 
100 mJ, and the fluence was about 6 J/cm2 on the 
GGG substrate of the donor film. The ejected film 
was deposited on a acceptor film faced to the donor 
film. The deposition was done in vacuum condition, 
and with 5 shots of ablation. 

^f^pSTTJOU (mm) 

EÜ 6: Surface of the deposited film. 

Fig. 6 shows the picture of the deposited film ob- 
served with an optical microscope and CCD camera. 
In visual, the deposited film seems silver and differ- 
ent from that of donor film, which shows the differ- 
ence of crystallinity or composition. On the other 
hand, the ablated region on the donor film is clear. 
The deposited region is well confined, not splashed. 
No ejection of the donor film was obtained with one 
shot of ablation laser at 100 mJ. On the other hand, 
at 170 mJ the film was ejected from donor film but 
deposition was hardly obtained on the acceptor film. 

Fig. 7 shows the transmittance of the acceptor film, 
and that of the deposited region. The transmittance 
decreased with the deposition by LIFT. This is be- 
cause of the increase of the thickness, and the change 
of the composition of the deposited film. 

Fig. 8 shows the x-ray spectra of the acceptor and 
deposited films. In both, the broad spectra from 
Ce:YIG are seen. There is some difference at around 
20=50.5 degree, and this shows some decrease in crys- 
tallinity of the deposited film. The ablation fluence, 
the wavelength of the ablation laser in LIFT should 
be optimized to obtain a well crystallized stacking 
film. 
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HI 8: XRD spectra of Ce:YIG films of acceptor film 

and the film deposited by LIFT. 

5 Conclusion 

For an electro-optic sensor, Ce:YIG films were suc- 
cessfully deposited on GGG(lll) by PLD for the first 
time. The charge state of Ce is needed to be 3+ for 
crystallization, and crystallization is needed for large 
Faraday rotation angle. This can be achieved by us- 
ing Ar gas instead of oxygen gas in PLD process. To 
monitor the charge state of the Ce atoms, LIF and 
2D-LIF will be useful. LIFT was attempted for the 
first time to stack the Ce:YIG film, and partially crys- 
tallized film was obtained. 
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Electroosmotic Flow Control in Micro Channels Produced by Scanning 
Excimer Laser Ablation 
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Excimer laser ablation of a scanned substrate can be used for prototyping of lab-on-a-chip mi- 
crofluidic channels [1]. Here, the relationship between the wetting properties of the channels and the 
irradiation conditions is described. The wetting properties are quantified by electroosmotic flow 
measurements in channels, produced with different conditions of scanning ablation. The observed 
variations can be explained in terms of a competition between a direct and an indirect redeposition 
pathway for the debris. 

Keywords: Micro machining, surface modification, microfluidics, electroosmotic flow. 

1. Introduction 

Excimer laser ablation of polymers is well known to 
produce high quality structures in nearly all polymers, as it 
was first described in 1982 [2]. As mentioned recently by 
Rossier et al. [3], a drastic increase in hydrophilicity of 
ablated micro channels in poly(ethylene terephthalate) 
(PET) can be achieved by scanning the substrate. This 
makes excimer laser ablation a versatile tool for rapid 
prototyping of micro fluidic systems, as for example lab- 
on-a-chip devices. 

In such devices, a sample solution (usually aqueous) is 
injected, pumped, separated and eventually analyzed by 
electrochemical means. Channels for these applications 
need to meet special requirements in their surface proper- 
ties in order to optimize the efficiency of the final device. 
We have already investigated in detail the influence of the 
irradiation conditions on the surface structure of the chan- 
nel floor and of the ramps, forming at the beginning and at 
the end of the channels [4]. We also observed an enhanced 
redeposition of debris in the channel, depending on the 
conditions during the ablation [5]. 

In this paper, we show how the scanning ablation 
parameters influence the electroosmotic flow in PET micro 
channels. Further we propose an explanation for the 
observed effect. 

2. Scanning ablation 

In order to produce micro channels, which are longer 
than the beam width on the sample, one can imagine two 
modes of fabrication, (i) One can drill one rectangular hole 
using a common mask projection technique, stop the laser, 
move the substrate, drill the next hole in contact with the 

first one and so on. This mode of channel fabrication will 
be called "static ablation", (ii) Alternatively, the substrate 
can be moved with the appropriate speed v while it is irra- 
diated by the laser, in order to produce channels of the re- 
quired depth dtot. Further on, we will refer to this method as 
"scanning ablation". 

laser pulse 
spot 
length 
a 

plume ;''""~ x 

substrate; 

Ac, 

not 

Fig. 1 Schematic diagram showing the parameters of 
scanning ablation 

When using scanning ablation, ramps form at the begin- 
ning and at the end of the channels during the fabrication. 
Only the end ramp is irradiated. The angle a, that it forms 
with the original sample surface, is given by the depth of 
the channel dm and the length of the irradiated spot a in the 
scanning direction (Fig. 1), i.e. a = axctm(dja). The depth 
of the channel can be expressed by d,ot = n x h(&), where n 
is the number of pulses used in static ablation for one hole, 
and h(0) the ablated thickness per pulse at fluence 0. 
Given the pulse repetition rate /, n and a, the appropriate 
scan speed v can be derived: v =/x a /n. 
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3. Experimental 

3.1 Substrates and laser 
Two types of substrates were used: (i) Biaxially 

stretched polyethylene terephthalate) (PET) foil, in which 
one stretching direction dominated over the other (thickness 
100 um, Melinex S, ICI). (ii) Amorphous unstretched PET 
(thickness 500 |im, Mylar, Goodfellow). 

These two substrates were irradiated with a standard 
ArF excimer laser (193 nm, 20 ns, LPX 205, Lambda- 
Physik) as already described [4]. 

3.2 Channel production 
We used n = 200 pulses and a width of 40 u.m for all 

channels. The channel length between the two reservoirs 
was 15 mm. The reservoirs were drilled by static laser ab- 
lation. In both substrates, we produced 38 p.m deep chan- 
nels by using different spot lengths a and scanning speeds 
v. This resulted in a change of the ramp angle a during the 
ablation (Table 1). 

Table 1 Corresponding values for the spot length a (um) and 
the ramp angle a (degrees). 

a (urn) 1000 500 200 100 50 
a(°) 2.0 4.3 11 22 42 

For the stretched samples we used holes of 1000 u.m 
times 40 jam that we drilled completely through the sample 
as reservoirs. After channel and reservoir fabrication by 
laser ablation, the samples were laminated with a 
poly(ethylene) (PE) on PET lamination at 130°C in order to 
close them. 

In the unstretched substrates, the use of through-drilled 
holes led to insufficient quality of the electroosmotic meas- 
urement data, because the reservoir volume / channel vol- 
ume ratio became too high. Therefore, for this kind of sub- 
strate, the channels were first drilled, then laminated and 
finally the lamination was opened by the laser. A drop of 
solution placed on the openings of the lamination then rep- 
resents the reservoir. Measurements (< 3min.) were carried 
out directly after placing the drops, so that concentration 
changes due to solvent evaporation can be neglected. 

In the stretched samples, the static structure, developed 
perpendicularly to the main stretching direction [6]. Its am- 
plitude and period are about 3 fim. We produced two series 
of channels in the stretched substrate; in one series, we 
aligned the structure with the channel direction ("longitudi- 
nal" series) and, in the other series, the structure was per- 
pendicular to the channel direction ("transversal" series). 
As recently described, the static structure transforms to the 
scanning structure for a > 11° [5]. This leads to a smoother 
channel surface in the micron range. As expected, the chan- 
nels in the unstretched substrate did not show any structure 
in the micron range. 

In all three series, the debris contribution became im- 
portant for a > 22° and added nanometer scale roughness 
and porosity to the channels [5]. 

3.3 Electroosmotic flow measurement 
The electroosmotic flow was measured using Huang's 

current monitoring method [7]. We placed drops (10 )ul) of 
phosphate buffer (pH = 7.2, Sigma) in each reservoir. The 
total salt concentration of the buffer in the two reservoirs 
differed slightly (10 mMoI/1, 8 mMol/1). While applying the 
electric field that induced the electroosmotic flow, the re- 
sistivity of the channel was monitored by measuring the 
electrical current. The resistivity of the channel at a given 
time depends on the percentage of the channel filled with 
the low resistivity (high concentration) buffer and the per- 
centage of the channel filled with the high resistivity (low 
concentration) buffer. The measurement of the channel re- 
sistivity as a function of time thus indicates the motion of 
the interface formed by the two liquids. 

For all measurements, we applied a driving electrical 
field of 20 kV/m and all cited literature values are con- 
verted to this value for better comparison. The measured 
electrical current was about 4 p.A and hence heating effects 
can be neglected. 

4. Results and discussion 

4.1 General observations 
The electroosmotic flow velocity in the channels varied 

as a function of the ramp angle by about 25% in all three 
series (Fig. 2). In almost all cases the maximum flow ve- 
locity was reached at a = 4.3° and was approximately as 
high as the value for fused silica capillaries (10 x 10'4 m/s 
[7]). All the data represented in Fig. 2 resulted from lami- 
nated channels. This PE-lamination is identical for all 
channels and thus smoothes the flow velocity data. This 
means that the observed variations are lower than the varia- 
tions that would be observed if all four walls of the chan- 
nels were ablated surfaces. 

No significant differences could be found between the 
longitudinal and the transversal series. In other words, the 
orientation of the micrometric structure has no measurable 
influence on the electroosmotic flow in our experiments. 

Comparing our values (a = 2°) with the value published 
by Roberts et al. [8], we observe in absence of the mi- 
crometric structure a slightly faster electroosmotic flow. In 
more detail the values of the longitudinal and transversal 
series of 8.3 x 10"4 m/s and 8.5 x 10"4 m/s respectively are 
in excellent agreement with the value of Roberts et al. (8.4 
x 10" m/s), whereas the value of the series without struc- 
ture of 9.9 x 10"4 m/s is 18% higher. However, in order to 
confirm this value, further investigations are necessary. 
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Fig. 2 Electroosmotic flow velocity (@ 20 kV/m) as a 
function of the ramp angle a. Figures a and b show the series 
produced in the stretched substrate. Figure c shows the series 
produced in the unstretched substrate. (For further details see 
experimental section.) Different curves in one graph corre- 
spond to channels produced or analyzed on different days. The 
standard errors for 3 pairs of drops and 4 measurements per 
drop pair in the same channel are indicated. 

4.2 Explication of the maximum 
The maximum flow velocity, observed in all substrates 

around a = 4.3°, can be interpreted in terms of variations in 
the ^-potential of the channels. As we always used the same 
buffer, variations in the ^-potential are directly related to 
variations in the surface charges or polarity of the channel 
surfaces. These surface properties also determine the water 
wetting behavior of the polymer and of the ablated poly- 
mer. 

Lazare et al. reported a decreasing O/C-ratio in XPS 
measurements after static ablation of PET at 193nm wave- 
length [9]. This is in good agreement with their observation 
that the water contact angle increases, from 68° on unirra- 
diated PET to 105° on the ablated surface. This data indi- 

cates clearly that PET has a low ^-potential compared to 
clean fused silica, that is wetted by water (contact angle = 
0°, [10]), and that static ablation further decreases the £- 
potential. 

However, the ^-potential of channels produced by scan- 
ning ablation is determined by the debris. The debris can be 
more or less charged or composed by polar reaction prod- 
ucts, which are formed during the collisions of the ejected 
ablation products with oxygen in air [11]. 

In the case of static ablation, collisions with the ambient 
gas are the main reasons for redeposition of the debris on 
the substrate [12]. The left part of Fig. 3 shows water con- 
densed by breathing out near a statically ablated rectangular 
hole. It impressively shows how the debris, which is caused 
by this indirect redeposition mechanism, renders the un- 
wettable native PET (zone A) wettable (zone B). We see 
that zone B is covered by a thin film of water indicating a 
high-energy surface as for example fused silica. The form 
of the outer border of the wetted region in Fig. 3 corre- 
sponds very well to the form of the debris pattern, as also 
observed after excimer laser ablation of polyimide (PI) 

DRY 

100 um, 

Fig. 3 Optical microscope image of water condensed by 
breathing out near a statically ablated surface in PET (200 
pulses, 1000 mJ/cm2, depth 38 urn). Zone A: non-wetting na- 
tive PET. The dark dots are water droplets. Zone B: wetted 
surface because of redeposition by collision; we see a thin film 
of water. Zone C: non-wetting surface because of PLD-like 
direct redeposition. We see once more droplets of water. On 
the right side (dry image) we see only the main debris hill. 

[13]. 
However, in scanning excimer laser ablation with high 

ramp angles we need to consider a second deposition path- 
way for the debris in the channels. This is a kind of "self- 
PLD" (PLD - pulsed laser deposition), where the substrate 
(channel floor) is approaching more and more the target 
(end ramp) for higher ramp angles [5]. Obviously, the an- 
gular density distribution in our case will not obey the sim- 
ple cosn(9)-relation [14], as it does in PLD. The two main 
reasons for this are (i) the presence of the air and (ii) the 
irradiation of a relatively large rectangular surface, i.e. the 
inclined ramp. Nevertheless, it is reasonable to assume that 
inclining the irradiated surface with respect to the channel 
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floor strongly enhances the direct deposition of ablation 
products on the channel floor. This means that this kind of 
debris deposits on the channel floor without collisions with 
the oxygen-containing atmosphere. In consequence, this 
kind of debris will have a low ^-potential. 

For static ablation we can also observe in Fig. 3 (left 
part) a small region (zone C) directly at the border of the 
ablated surface where this kind of debris determines the 
surface properties, and the water cannot wet the surface. 
The comparison with the dry image shows that the border- 
line between zone B and C crosses the middle of the main 
debris hill, which has a homogenous surface topography as 
measured by AFM [15]. Thus, the wettability contrast be- 
tween zones B and C, as described above, is due to a differ- 
ence in chemical composition of the surfaces. In conse- 
quence, the non-wetting behavior of zone C cannot be at- 
tributed to a roughness effect [10]. 

Though, the maximum electroosmotic flow velocity ap- 
pears at the ramp angle where we have the most redeposi- 
tion by collision and still negligible PLD-like redeposition 
in the channel. The increase in electroosmotic flow velocity 
with increasing the ramp angle from a = 2.0° to a = 4.3°, is 
caused by a change of the indirectly redeposited debris 
pattern. Miotello et dl. have shown that the gas dynamic 
effects tend to result in a debris pattern, that is rotated with 
respect to the ablated shape [13]. Thus, little debris is de- 
posited near to the short side of an ablated rectangular sur- 
face (Fig. 3). This effect will be more important for the spot 
of 40 Jim x 1000 ^im (a = 2.0°) than for 40 Jim x 500 u.m (a 
= 4.3°). Thus the usage of the 500 \xm long spot enhances 
indirect redeposition at the short side of the rectangle, i.e. in 
the channel. 

For a > 11°, the PLD-like redeposition process becomes 
more and more important. The debris with low ^-potential, 
deposited by this mechanism thus decreases the electroos- 
motic flow velocity. 

5. Conclusions and Outlook 

We showed that the electroosmotic flow in excimer la- 
ser ablated micro fluidic channels in PET varies with the 
ramp angle a. We obtained in stretched and unstretched 
PET-foils, i.e. with and without micrometric structures, a 
maximum flow velocity at a ramp angle of a = 4.3°. The 
flow velocity, at this maximum, is comparable to the elec- 
troosmotic flow in fused silica. 

The existence of the maximum flow velocity at a = 4.3° 
is attributed to the competition of two different debris rede- 
position mechanisms. The indirect redeposition occurs be- 
cause of collisions of the ejected material with the sur- 
rounding gas molecules and deposits material with a high C,- 
potential. The direct redeposition is a kind of PLD- 
mechanism. A part of the ablated material is directly 
ejected in the direction of the channel floor and forms mate- 
rial with a low ^-potential on it. Direct redeposition be- 

comes important at a = 11° and is dominant at a > 22°. The 
existence of these two redeposition mechanisms was pin- 
pointed by the water wetting experiment of the surround- 
ings of a statically ablated rectangle in PET. 

Finally, all electroosmotic flow velocities were meas- 
ured in channels with a PE on PET lamination. This means 
that about a quarter of the channel walls is identical in all 
channels. Thus the variations in the ^-potential of the ab- 
lated surfaces are higher than 25%. The ^-potential values, 
of ablated surface and lamination, will be determined in the 
near future, by applying the formula of Andreev et al. [16]. 
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A new manipulation technique using Q-Switched laser beam was developed in this research. By 
using which, we could trap a fine particle in the air with relatively lower laser output. In order to 
clarity the possibility of the application of this method in micro-machining, the assembly 
experiments were conducted and the experimental results showed that the three dimensional 
microstructure from fine particles can be realized by this technique. 

1. Introduction 

In recent years, the realization of micro-machine and 
micro-device with elements having various functions 
integrated becomes more and more necessary. If a new 
micro-machining technique which can manufacture 
material and shape at the same time is developed, the 
highly functional parts with less space can be expected. In 
this research, a new concept is considered by arranging 
the fine particles in three dimension according to the 
design of material and shape of the parts, and then 
sintering to strength the structure. However, to fulfill this 
task, the three dimension manipulation and 
micro-assembly technique of fine particles is 
indispensable. The laser trapping technique was suggested 
to manipulate fine particles in water with optical radiation 
pressure by Ashkin in 1970". Since the manipulation is 
non-contact, the following advantages can be obtained: 1) 
Complex manipulation with high degree of freedom. 2) 
High speed manipulation without vibration. 3) 
Manipulation of multiple particles at the same time. On 
the other hand, the manipulation is considered difficult in 
the air because the surface tension is very big between the 
base plate and fine particles. However, considering the 
environment of micro-machining, the manipulation in the 
air is desirable to meet the requirements of high degree of 
freedom and stability. Hereby, this research proposed a 
new method on trapping the fine particles in the air and 
developed a new micro-machining technique by 
assembling three dimensional micro-structure from fine 
particles with laser beam. 

2. Experiments on Trap of Fine Particles with Laser 
Beam 

2.1 Trapping principle of fine particles with optical 
radiation pressure 
The generation of optical radiation pressure can be 

explained by geometrical optics in case the optical 
wavelength is shorter than the diameter of fine particle to 
be trapped". The generation of radiation pressure with an 
optical beam going through a fine particle is shown in 
Figure 1. When beam "a" goes into a fine particles, an 
optical radiation pressure " Fat" happens at the 
orthogonal direction of the interface. Then, when the 
beam goes out from the fine particle, the optical radiation 
pressure "FaO" happens. The total force is "Fa" . As 
for the beam "b" , force "Fb" happens. The total 
force "F" of "Fa" and "Fb" is in the direction 
which always makes the center of fine particle according 
to the focal point of laser beam. Hence, the trapping of 
fine particles with laser light becomes possible. Shown in 

Fig.l Qualitative view of particle trapping 
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Table 1, the optical radiation pressure acting on silica 
fine particles caused by YAG laser light were calculated. 
Silica fine particles are transparent for YAG laser light, 
and laser light irritates from the upper of fine particles 
which are put on the optical axis. In case the position of 
focal point is from the upper part of fine particles to the 
lower part of particles, the calculation result is shown in 
Figure 2. Axis Z illustrates the position of focal point 
(Z=r/R, r means the distance between center of particle 
and focal point , R means the radius of particle ), where 
+1.0 and -1.0 mean the top and bottom of fine particles 
respectively. Axis X shows the force acted on silica fine 
particles with the gravity force included. On this axis, the 
minus value means the force points downwards and the 
plus value means the force points upwards. When the 
output of laser is 14mW and focal point is on the upper 
part of fine particle, the total force from two directions 
offsets. When focal point is set at Z=0.75 with an output 
of 20mW, it is calculated that silica fine particles can be 
levitate into the air with optical radiation force. 

2.2 Experimental apparatus 
The configuration of experimental system is illustrated in 

Figure 3, It is mainly consisted of three parts, laser 
oscillator, beam scanner and light accumulating part. The 
details of each are as follows: 
l)Q-switched YAG laser (Lee Laser 818TQ,   ?i=1.06um, 
maximum output 18W, beam   Mode TEM«> ) is applied 
in Laser oscillator. 
2)Laser beam scanning part is constructed by two pieces 

Table 1 Conditions of calculation 

YAG laser power ~20mW 

Polarization Circularly polarized light 

Objective N.A.=0.8 

Particle SiO2(<t>8.0um) 

Refractive index n=1.4 

Enviroment Air 

Refractive index n=1.0 

of galvano mirror to realize horizontal laser scanning on 
X-Y surface which is orthogonal to optical axis. It is 
possible to scan the laser beam focal pointed by objective 
with high speed and at a resolution of 0.17um. 
3)Microscope is applied in the light accumulated part 
(Nikon X2-TI-EPI), YAG laser beam irradiates into the 
microscope, with the optical axis being the same as that 
of illumination. The bright field objective (CF IC EPI 
Plan X 50) is utilized. The aberration between visible light 
and YAG laser light has been removed through 
modification. The fine particles are observed in 
three-dimension space with CCD cameras arranged on the 
upper and side locations. 

2.3 Experiments on trap of fine particles 
The trapping experiments were conducted in the air. The 

experimental results showed the output of laser must be 
more than 2W, which is 2 digits larger than that of 
calculation. It is supposed that the reason lies on the 
attractive force between the base plate and the fine 
particle caused by the moisture in the air. To overcome 
this force instantly, it is necessary to raise the peak output 
of laser light. Hereby the experiment was conducted by 
using Q-switch, whose condition is shown in Table 2. 
The focal point was set at the upper part of the fine 
particle. The experimental result showed that it is possible 
to trap a fine particle at a low output under 120mW. The 
trapped fine particle is shown in Figure 4(a), the fine 
particle was trapped in three dimension for the first time. 
And, when the focal point is set at the base plate, it can 
also be observed that the fine particle, shown in Figure 
4(b), was levitated about lum high. However, according 
to the optical radiation theory, the particle should be 
pushed onto the base plate when the focal point is set 
lower than the center of silica fine particle. Although the 
mechanism has not been clarified by now, this experiment 
confirmed the fine particles in the air can be manipulated 

Beam expander 

■-1.0 

20mW     14mW        5mW OmW"--1.5 

Fig.2 Relation between axial force and focal point 

03 
o 

Q. Microscope lens 

Fig.3 Configuration of experimental system 
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by    laser   beam,   which   makes   the   assembly    of 
micro-structure by laser beam possible. 

3. Assembly of Three Dimensional Micro-Structure 

3.1 Principle of assembly technique 
The principle of assembly method is shown in Figure 5. 

Laser light is irradiated on a fine particle, shown in 
Figure 5(a), to detach the fine particle from the base 
plate. Then Z stage is lowered to levitate fine particle to a 
certain assembly height in Figure 5(b). Figure 5(c) 
shows that the fine particle is moved horizontally. Finally, 
in Figure 5(d), the stage is raised to complete the 
assembly. According to this procedure, the assembly of 
three dimension micro-structure can be conducted. 

3.2 Experiment of assembly in vertical direction 
A series of consecutive photos of experiments are shown 

in Figure 6(a)-(d). Silica fine particle (2) trapped in the 
air is shown in Figure 6(a). In Figure 6(b), the stage was 
lowered and particle (2) was transported to the position 
higher than particle(l) by vertical manipulation. Figure 
6(c) illustrates the transportation of particle (2) to the top 
of (1) by horizontal manipulation. And finally, in Figure 
6(d), the stage was raised until two particles contacted. 
With the same procedure repeated, particle (3) and (4) 
were assembled in Figure 6(e). Therefore a vertical 
assembly was completed. 

3.3 Experiment of assembly in horizontal direction 
If two fine particles adsorb each other by the surface 

tension force, the assembly in horizontal direction may be 

Table 2 Experimental conditions 
Laser power 120mW 

Q-sw repetition rate 35kHz 

Objective N.A.=0.8 

Particle Si02(<f> 8.5pm) 

Refractive index n=1.4 

Enviroment Air 

Refractive index n=1.0 

also possible. Hereby, the assembly experiments in 
horizontal direction were conducted, shown in Figure 
7(a)-(e). Figure 7(a) and (b) show particle (2) was 
assembled to the side of vertical assembled silica fine 
particle (1). Similarly, silica (3) was assembled. 
Furthermore, in Figure 7(d) and (e), fine particle (4) was 
manipulated under (2) and (3). At this time, although part 
of the laser beam is disturbed by particle (2) and (3), 
manipulation still remains possible. Hence the more 
complex formation can be expected. 

3.4   Assembly of micro-structure in three dimension 
After the basic assembly in vertical and horizontal 

directions was confirmed, the micro-structure in three 
dimension was conducted. Shown in Figure 8, the 
tetrahedron was assembled by 220 silica fine particles. 
Therefore, a three dimensional micro-structure was 
realized through the laser trapping technique developed in 
this research. 

4. Conclusions 

The three dimensional manipulation technique of fine 
particles in the air and the assembly technique of 
micro-structure have been developed in this research. The 
following conclusions were obtained. 
1) By using Q-switch, a fine particle can be easily trapped 
in the air, with an average of laser output under 120mW. 
2) The fine particle was levitated 1pm high when the 
focal point of laser beam was set at the surface of base 
plate, lower than center of the particle. This phenomenon 
was difficult to be explained by the conventional theory. 
3) The assembly of fine particles was supposed, and the 
assembly in vertical and horizontal direction succeeded in 
the experiments. 

Laser beam 

Particle 

Base 
Levitation 

Laser beami 
(b) 

Locus of Trapping 

Up 

(a) (b) 
Fig.4 Trapped silica particle in the air 

(c) (d) 

Fig.5 Procedure of micro-assembly technique by laser beam 
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(a) (b) (c) (d) 
Fig.6 Silica particles assembled vertically 

(c) (d) 
Fig.7 Silica particles assembled horizontally 

4) The assembly of three dimensional micro-structure is 
considered possible by using the technique developed in 
this paper. 

Fig.8 3-D micro-structure with a tetrahedron 
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The powerful transition from electronic to photonic systems in today's internet-driven 
communication industry is driving the development of processes to miniaturize and integrate optical 
components. New processing and packaging technologies are now required that can precisely shape 
and assemble transparent optical components to sub-wavelength accuracy. Laser microfabrication 
technology is beginning to play a role here. Our groups are exploring two extremes in laser 
technology - ultrafast lasers and very short wavelength F2 lasers - to microstructure optical surfaces 
and to profile refractive-index structures inside transparent glasses. In this paper, we compare 
photosensitivity responses, spatial resolution, and processing windows for the deep-ultraviolet and 
ultrafast laser approaches, and discuss prospects for laser printing and trimming of optical waveguide 
components and circuits. 
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1     Introduction 

High-speed optical-fiber communications and the 
unrelenting demand for Internet "bandwidth" are 
revolutionizing today's communication industry as played 
out by the increasing emphasis on photonics versus 
electronics technologies. This powerful transition is spurring 
industry to miniaturize and to integrate optical components 
into highly functional optical circuits much lüce the 
planarization and integration of electronic components on 
silicon or germanium wafers four decades earlier. New 
processing and packaging technologies are now required 
that can precisely shape and assemble transparent optical 
components to sub-wavelength accuracy. Laser 
microfabrication technology has a significant role to play in 
analogy with the wide use of lasers in lithography, 
trimming, repair, and inspection of today's semiconductor 
electronic chips. For photonics, applications are reserved 
only for light sources that interact strongly with transparent 
materials. Our groups are exploring two extreme laser 
approaches to shaping structures in glasses: ultrafast (UF) 
and deep-ultraviolet (UV) laser processing. 

Past laser micromachining studies [1] by University of 
Toronto groups provided head-to-head comparisons of UV 
F2-laser and UF (1 ps) laser approaches, and introduced a 
new UF-laser processing mode called burst machining [1,2]. 
Delivered fluence was key to driving strong absorption 
mechanisms that permit smooth sculpting of surfaces by 
coupling sufficient energy per unit volume to heat, melt, and 
ablate fused silica irrespective of absorption channels. 
Laser-glass interaction mechanisms, ablation morphologies, 

and processing windows were discussed and compared. 
The use of these lasers to control and to profile refractive 
index change was also briefly examined [1]. The present 
invited paper expands on these preliminary refractive-index 
studies and compares processing rates for far UV and UF 
laser approaches in processing glass materials. 

Refractive-index profiling with ultraviolet lasers (193, 
~250nm) [3,4] is a relatively new processing technology of 
commercially importance to the photonics industry for 
fabrication of fiber Bragg and long-period gratings. Interest 
is also expanding to laser trimming, for example, to correct 
phase errors in arrayed waveguide gratings [5,6]. We 
examine the extension of such techniques to record short- 
wavelength light from the F2 laser. The 157-nm photons 
promise faster and stronger photosensitivity responses 
without the need for enhancement techniques [7]. The F2 

laser drives strong linear interactions in both 
germanosilicate and pure silica glasses and waveguides, and 
induces refractive-index changes in the range of ~10"* to 
>10"3. Such index values are practically useful for writing 
Bragg or volume gratings and are extensible to shaping and 
trimming two-dimensional optical circuits. The 157-nm 
photon also approaches the bandedge defect states in pure 
fused silica. Here, the photosensitivity response is found to 
be orders-of-magnitude stronger and more rapid compared 
with that provided by traditional UV lasers (193 or 248 nm) 
[8,9]. To date, there has only been speculation as to the 
underlying physical mechanism [3,4]: color centers, 
compaction and stress relief. 

UF lasers drive fundamentally different interactions 
that  lead  also  to  useful  refractive  index  changes  in 
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transparent glasses [10,11,12]. We describe optical 
waveguides formed with 50-fs pulses of 800-nm light at 1- 
100 kHz repetition rates. This contrasts sharply with the 15- 
ns duration and 100-Hz rates of the 157-nm F2 laser. UF 
laser-matter interaction dynamics is not fully understood, 
however, as in F2-laser induced index changes, there are 
several proposed contributing factors, for example, 
multiphoton ionization, field ionization, electron avalanche, 
microexplosion [11], compaction, and color centers [10]. 

The present paper summarizes a comprehensive study 
of photosensivity of various grades of glasses. We compare 
photosensitivity responses, spatial resolution, and processing 
windows for the deep-UV and UF laser approaches, and 
discuss prospects for printing and trimming optical 
waveguides and circuits in glass materials. Processing rates 
are comparable for the two laser classes and show that 
accumulated fluence is the key to the magnitude of the 
induced refractive-index change. We also present evidence 
of a thermal role for UF processing that enhances 
photosensitivity responses for repetition rates > 10 kHz; an 
analogous burst machining effect was described previously 
[1,2] that provides crack-free ablation of transparent glasses. 

2     Experiments 

A commercial F2 laser (Lambda Physik, LPF220i) 
provided deep UV light at 157-nm wavelength. Pulses of 
~20-mJ energy and ~15-ns duration were formed in a 20x7- 
mm2 beam with ~3-mrad by ~l-mrad divergence. Apertures 
and lenses were used to provide uniform exposure and to 
control fluence. A sealed processing chamber was flushed 
with 1-atm argon gas for vacuum-ultraviolet transparency. 
The laser was operated at 100 Hz repetition rate. 

Fig. 1 Optical microscope side view of a fused silica 
window after 157-nm laser exposure with 180,000 
pulses at ~84 mJ/cm2 fluence. A volume grating of 
140-um period was formed deep (~lmm) into the 
glass. 

The UF laser consisted of an Ar+-pumped Ti:sapphire 
oscillator, a stretcher, a regenerative amplifier (Coherent 
RegA 9050), and a single grating compressor. The output 
pulses had a maximum energy of 1.5 uJ at 800 nm and a 
pulse width of 50 fs. The repetition rate was variable up to 
250 kHz. A lOx microscope objective focussed the beam to 

a 3-um diameter spot size. Samples were mounted on x-y 
stages driven by 0.1-um step-size stepper motors and 
scanned along the optical axis. 

Samples consisted of uv-grade fused silica cover slips 
and windows (Corning 7940), polished fused silica blanks, 
3% GeC-2-doped planar waveguides (PIRI SMPWL) and 
single-mode optical fibers (SMF28). Samples were exposed 
to various fluence values and a wide range of pulse 
numbers, and then evaluated by a range of techniques as 
described below to assess the laser-induced refractive index 
change. 

3     Photosensitivity Responses 

3.1   Fused Silica with 157-nm Radiation 

A proximity amplitude mask was used to form volume- 
gratings (140-um period) in various grades of fused silica 
glasses. Fig. 1 shows the side view of a polished fused 
silica window (Corning 7940; 1200-ppm OH) after 157-nm 
exposure with 180,000 pulses at ~84 mJ/cm2 fluence. A ~1- 
mm deep volume grating is clearly formed in the 2-mm 
thick sample. This penetration is in keeping with an 
absorption coefficient of ai57 ~ 10 cm"1 at 157-nm 
wavelength. 
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Fig. 2 The increase of diffraction efficiency as a 
function of accumulated laser fluence for volume 
gratings formed in 160-um thick fused silica (1200- 
ppm OH) by 157-nm exposure. The laser fluence per 
pulse was 51, 70 and 84 mJ/cm2, and the pulse 
number was varied from 6.0xl04 to 3.6xl05 at a laser 
repetition rate of 100Hz. 

To characterize refractive index changes, wet-fused 
silica (OH: 1200 ppm; 0:157 = 26 cm"1) cover slips of 
thickness d = 0.16 mm were radiated with 157-nm light. 
The first-order diffraction efficiency was measured for a 
HeNe laser in samples exposed to F = 51-84 mJ/cm2 fluence 
and pulse number in the N = 60,000 - 360,000 range. 
Results are plotted in Fig. 2 as a function of accumulated 
fluence, NF. 
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The clustering of the data about a single line shows 
that index changes are controlled by accumulated fluence, 
NF, for the current processing range. This offers advantages 
in concentrating finite laser energy to increase fluence and 
processing speed, or reducing fluence for larger area 
exposure at slower rates. 

Data in Fig. 2 were applied in a numerical model to 
assess the volume index change, An e^. An exponential 
index profile was inferred (a = 26 cm'1) by stacking several 
plates together and noting the index fall-off from sample to 
sample. Results of the refractive-index change are shown in 
Fig. 3 as function of NF. Surface compaction on the scale 
of 10's of nm was also noted by stylus profilometry on the 
laser-irradiated surface. The surface index change follows a 
universal material compaction response of An ~ (NF) , a 
single-photon response that greatly exceeds the two-photon 
volume compaction response of Ap - (NF2)0 reported [6] 
for 193-nm exposure of fused silica. Overall, 157-nm laser- 
induced compaction and refractive index changes are 
approximately three orders of magnitude faster than reported 
for 193- or 248-nm lasers [5,6]. For 157-nm laser radiation, 
an absolute index changes of 4.2 x 10"4 is available in an 
~400-um thick surface layer after a 60-min exposure (at 100 
Hz). Such index change can provide useful phase correction 
for a wide range of applications in shaping and trimming 
optical components made with pure silica. 

3.2   Germanosilicate Waveguides with 157-nm 
Radiation 

Germanium doping of fused silica provides a 
controlled increase in refractive index to define the 
waveguide cores of optical fibers and planar circuits. Such 
doping also lowers the bandgap from -9.1 eV to values 
comparable with the 7.9-eV photon energy of the F2 laser. 
Strong absorption in thin layers is promising for directly 
accessing strong and rapid photosensitivity responses on 
scale lengths commensurate with waveguide geometries of 
-10 urn. For these reasons, 157-nm laser radiation is an 
ideal candidate for fabricating photonic components and 
circuits inside germanosilicate fiber and planar waveguides 

[1,7]. 
Here, we survey results of 157-nm photosensitivity 

studies on planar and fiber waveguides. Standard 
telecommunication fibers (SMF 28) and silica-based 
cladless planar waveguides (PIRI SMPWL) were examined. 
The planar waveguide consisted of an 8-um thick Ge02- 
doped (3%) core layer grown over 20-um of fused silica, all 
on a silicon substrate. Because germanosilicate is much 
more photosensitive (>10X) than the fused silica cladding, 
index changes were assumed to be dominant in the 
waveguide core. 

Fig. 4 shows the effective index change observed in 
planar waveguides as a function of accumulated laser 
fluence.   The single-pulse fluence was -7.5 mJ/cm2. Index 

values were inferred from prism-coupled angle changes 
using HeNe laser probe light. The 157-nm induced index 
change had an unsaturated value of 4x10"3 for the zeroth 
mode for both virgin and H2-loaded samples. However, a 
total fluence of only 8 kJ/cm2 was required for the hydrogen 
loading case compared with ~22 kJ/cm2 for the untreated 
case. This 3-fold enhancement offered by hydrogen loading 
is modest in comparison with order of magnitude 
enhancements seen with longer wavelength exposure [13], 
and attests to the strong interaction offered by 157-nm 
radiation. 

1: 
u 
M 

u 
M u 

"O 0.1 
R 

' ■ "1 

.-■ 
■        o Ü ■ 

■ o • . 
o °."      . ■ 

■                   ° 
■                 ■ . 

' 
• ■ 

;* '. 
■ • .*** • 

■ 
■ 

**** 
* ; 

■ A . 
\ • : 

• 

1000 10000 100000 

Accumulated Fluence (J/cm ) 

Fig. 3 Comparison of deep UV and UF laser induced 
index changes in fused silica and germanosilicate 
glasses: ▲ F2-laser on pure fused silica, F2-laser 
on Ge02-doped (3%) fused silica, O UF-laser on 
fused silica (10-100 kHz), and • UF-laser on fused 
silica (1 kHz) from [12]. See text for further details. 

Since effective index is a weighed average of the 
refractive index for the mode profile, the peak index change 
in the photosensitive layer is expected to be higher than in 
Fig. 4. This is further born out by the -2-fold strong index 
change noted for the fundamental mode in both waveguide 
types of Fig. 4. This discrepancy can be accounted for by 
applying a simple step-profile model of index change. 
Results suggest a 157-nm penetration depth of ~4um for the 
largest laser exposures. The calculated peak index changes 
are plotted in Fig. 3 as a function of accumulated fluence for 
the case of non-H2 loaded planar waveguides. Index 
changes as high as 0.005 are noted, and overall responses 
are more than an order of magnitude higher than for the case 
of pure fused silica. Further, this index change is strong and 
rapid compared with longer-wavelength exposure of similar 
germanosilicate waveguides (3% Ge02) without H2-loading 
techniques. For example, responses are an order of 
magnitude faster than with 193-nm radiation, and follow a 
single-photon response in comparison with inferred two- 
photon responses [14]. 

A rapid 157-nm photosensitivity response was also 
found [7] for standard telecommunication fiber (Corning 
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SMF-28). Fig. 5 shows an optical microscope picture of 
coupled 633-nm HeNe-laser light scattering from a long- 
period grating (140-um period). The scattering light is 
mainly visible from one side of the fiber suggesting a non- 
uniform index-change profile. This is consistent with a small 
penetration depth (~4 urn) as inferred above from the mode 
measurement results for the planar waveguide. 
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Fig. 4. Effective index change as functions of 
accumulated laser fluence in 3% Ge-doped planar 
waveguides: (a) without H2 loading, and (b) 
loaded with H2 at 105 bar for 10 days. Three 
modes are noted for the 633-nm probe laser. 

The transmission spectrum of a similar long-period 
fiber grating with 304-um period is shown in Fig. 6 for the 
case of a H2-loaded sample (at 100 bar for 10 days). A -20- 
dB loss peak is noted at the 1.58-um telecommunication 
band. This response developed with 2,700 pulses at 
~1.8mJ/cm2 fluence - or with only ~4.75-J/cm2 total 
fluence. For 248-nm KrF lasers, a >300-fold larger total 
fluence is required to develop the same strength loss peak. 
F2-laser radiation clearly drives strong material responses in 
germanosilicate glasses. 

3.3   Fused Silica with UF Lasers 

We are currently studying the effects of varying pulse 
energy, repetition rate, scan speed, and focus diameter on 
the induced index change and the quality of waveguides to 
define a processing window for UF laser writing of good 
quality optical waveguides. 

Waveguides were written by focusing the laser beneath 
the surface of the sample and translating the sample along 
the laser axis. Fig. 7 shows the obvious difference in 
quality between 100 kHz and 10 kHz waveguides under 

similar fluence and accumulated fluence conditions.   For 
100 kHz repetition rate, there is noticeably more damage. 

UF-laser induced index changes were inferred from 

Fig. 5. HeNe laser light scattered from long period 
grating (A= 140-um) inscribed in a Corning SMF-28 
fiber by the 157-nm F2 laser 

numerical aperture (NA) measurements of 650-nm light 
coupled into the waveguides with 0.10 NA optics. Light 
exiting the waveguides was collected by a 32x microscope 
objective (0.30 NA), passed through a pinhole at the image 
plane, and recorded with a CCD detector placed ~6 cm from 
the image plane. Intensity profiles were captured and 
analyzed with NIH Scion imaging software to determine the 
beam width (FWHM) and NA. The effective index 
modulation, An, was found using 

NA = j2-n-An, 0) 

where n is the bulk refractive index. 
A maximum index change of ~5 x 10'3 was 

measurable, limited by heavy waveguide losses and poor 
coupling efficiency for waveguides damaged as shown in 
Fig. 7 (top). The measurement technique had a minimum 
sensitivity of ~1 x 10"3, limited by the weak waveguiding. 
This index-change range is ideally suited for defining 
single-mode waveguides with mode profiles matching 
standard telecommunication fiber waveguides. Preliminary 
results of measured index changes are shown in Fig. 3 for 10 
and 100 kHz repetition rates. Also shown for comparison 
purposes are index changes as reported by Gaeta and 
coworkers [12] using 100-fs pulses at 1-kHz repetition rate. 
Accumulated fluence was based on total exposure within 
one confocal beam parameter. Results fall into a similar 
range with the F2-laser results, the accumulated fluence 
being key to the total achievable index change. 

Preliminary results suggest further that higher 
repetition rates (10 kHz) induce 2-fold or higher index 
changes than with 1-kHz rates. This may be due to the 
accumulative heating effects for weak thermal transport. 
The thermal diffusion scale length, Llh, for laser pulse 
separation time, /, is determined from 
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Lth=^4-D-t (2) 

where D is the thermal diffusion coefficient. For fused 
silica, one finds scale lengths of 6 um and 60 um for 
repetition rates of 100 kHz and 1 kHz, respectively. 
Comparison with the ~3-um focused diameter of the laser 
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Fig. 6. Transmission spectrum of a long period 
grating (A=304-um) formed in hydrogen loaded 
SMF-28 fiber with the 157-nm F2 laser. 

suggests that absorbed laser energy is not dissipated 
between pulses for the higher repetition rate case and 
accumulated heated effects are therefore present that can 
enhance the refractive index change. Our group has 
identified similar heating effects in UF-laser burst 
machining of fused silica. Accumulated heating effects 
appear responsible for the elimination of microcracks that 
would otherwise form at slower repetition rate [1,2]. An 
accumulated heating effect also appears to underlie the 
microexplosion effects in Ref. [ 11 ]. 

4      Comparison between UV and UF Processing 

The glass response to UV laser light has been more 
extensively studied. The 157-nm photon provides near 
bandedge absorption, very much like a single photon 
response. The UF interaction entails many more physical 
mechanisms - multi-photon ionization, field ionization, 
electron avalanche - to couple light into transparent material 
before phonon relaxation, thermal transport and other 
physical processes leave a permanent mark on the local 
refractive index. Compaction and color center processes are 
both clearly at play in the F2-laser photosensitivity process 
in glasses. Similar roles have also been suggested for UF- 
laser induced refractive index changes [10,11]. 

Irrespective of the differing laser approaches, index 
changes in Fig. 3 shows similar orders of magnitude effects 
for both laser approaches. Accumulated fluence is the key 
control factor suggesting that total absorbed laser energy 
will define the index change.   The F2 laser induces an index 

change of 0.0001 to 0.0004 in pure fused silica for an 
accumulated fluence range of 3 to 30 U/cm2. The response 
is improved more than 10-fold to An = 0.005 in germanium- 
doped fused silica, a much stronger absorber of 157-nm 
light. Similar index changes - An = 0.001 to 0.005 - are 
also noted for fused silica with the UF laser, whose light is 
fundamentally transparent to the material. The larger point- 
to-point scatter for the UF case is due to the NA 
measurement technique, which is very sensitive to the 
waveguide quality. The UF-laser process is also 
intrinsically more sensitive to repetition rate, single-pulse 
fluence, and pulse number, and may therefore be more 
challenging to control unlike the F2-laser approach. 

■I >'<?? 

Fig. 7. CCD optical microscope image of waveguides 
written inside bulk fused silica by 100-kHz (top) and 10- 
kHz (bottom) repetition rate UF-laser pulses with 1-uJ per 
pulse energy. Scan speeds were 200 and 20 um/s, 
respectively, to deliver identical accumulated fluence. 
Waveguides are spaced 50 um apart. 

Index changes in the range of 1 - 5 x 10"3 are useful for 
a wide range of photonics manufacturing applications. An 
accumulated fluence of 20 kJ/cm2 can be delivered rapidly 
for tightly focused UF laser sources, and form waveguides 
at scan speeds ~1 mm/s for high repetition rate systems. 
Excimer and F2 lasers offer much higher power (10's W) 
than UF lasers (<1 W) and are therefore better suited to high 
volume applications, especially those where large area 
coverage is required such as in printing two-dimensional 
optical circuits. The UF laser is more suited to direct-write 
processing, a slower process but one that offers more 
flexibility in patterning and trimming applications. The UF 
laser has one substantial advantage over UV lasers - the 
internal structuring of three-dimensional index profiles in 
transparent glasses. This presents interesting prospects for 
shaping novel three-dimensional photonic structures for 
optical telecommunication applications. Further extension 
to frequency doubling and tripling offers tighter focal 
geometries such that sub-micron feature sizes similar to that 
provided by UV excimer lasers can also be exploited. Well 
defined features of ~500-nm size are required for 1.55-um 
wavelength Bragg structures.   The fine control of index 
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changes available from both laser classes will serve many 
niches as the current practice of UV-laser printing of fiber- 
based devices expands to two- and three-dimensional 
integrated structures. 

5      Conclusions 

Two extreme approaches in index profiling of 
transparent glasses have been examined in this paper. Deep- 
UV nanosecond lasers and 50-fs near-infrared laser light 
have been shown to induce index changes of 1 to 5 x 10"3, a 
useful range for commercial purposes. The 157-nm F2-laser 
offers strong photosensitivity responses in fused silica and 
low-concentration germanosilicate glasses in comparison 
with that available with traditional UV sources. UF lasers is 
another promising approach offering similar photosensitive 
responses. One key observation is that accumulated fluence 
is a common control parameter in both laser approaches. A 
total exposure of -20 kJ/cm2 appears necessary to reach a 
~10"3 index change without damage to the glass structure. 
Such exposures are realizable in practical time frames, ~100 
ms for the UF laser and several minutes for the UV laser. 
Both lasers are now commercially available and offer 
attractive prospects for shaping photonic components in 
fused silica and related glasses. 
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Micron-scale convex deformations can be produced in two kinds of chalcogenide glasses only by 

exposures to focussed cw laser beams. In covalent compounds such as As2S3 the deformation is 

formed through the so-called giant photoexpansion phenomenon, and in Ag-containing chalcogenide 

glasses it is made through photoinduced accumulation of Ag+ ions. These phenomena are promising 

for fabrication of micro optical components. 

Keywords: convex structure, chalcogenide glasses, giant photoexpansion, photostructural change, 

photoinduced ion accumulation, microlens, gratings 

1. Introduction 

Many kinds of laser processing techniques have been 

known so far [1], while the development is still limited in 

scope. For instance, we can produce concave or hole 

structures using intense cw or pulsed light sources such as 

C02 and excimer lasers. However, only a few techniques 

are available for the laser fabrication of convex structures, 

and in addition, most of the techniques need after-treatments 

such as etching processes. 

We here report two direct processes which can 

produce micro-convex structures in chalcogenide glasses. 

One process is the so-called giant photoexpansion in 

covalent chalcogenide glasses [2], and the other is the 

photoinduced accumulation of Ag+ ions in Ag-containing 

chalcogenide glasses [3]. These processes can form 

convex deformations with diameters of > 0.2 pm and 

heights of < 5 urn only by light exposures. Light sources 

needed are small cw lasers such as He-Ne lasers. In the 

present work, typical characteristics of the two processes 

obtained using As2S3 and Ag-As(Ge)-S are reported. 

These processes are promising for the direct production of a 

variety of thermally-erasable optical elements such as 

microlenses, gratings, and relief holograms. Produced 

patterns can also be employed as masters for replicas. 

2. Experimental 

Two kinds of chalcogenide glasses were employed in 

the present study. One is a typical covalent glass, As2S3, 

and the other is ion-conducting glasses, Ag-As(Ge)-S. 

As2S3 films were prepared by vacuum evaporation, and then 

annealed at the glass transition temperature -200 °C. 

AgAsS2 films were obtained through the photodoping 

process from evaporated Ag and AsS2 films [4], and then 

annealed for stabilization at -150 °C. Ag60Ge13S27 films 

were prepared by co-evaporation [5]. Polished melt- 

quenched samples were also examined. 

Laser processing and pattern evaluation were done as 

follows: As2S3 and AgAsS2 samples were exposed to light 

beams emitted from a He-Ne laser (k = 633 nm, ha = 2.0 

eV) of 2 mW at room temperature, unless otherwise 

specified. The light beam was focussed using microscope 

objective lenses. Ag60Ge12S28 samples were illuminated by 

evanescent blue light (k = 473 nm, ha> = 2.6 eV) obtained 
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from fiber probes for a scanning near-field optical 

microscope (SNOM). Surface deformations were 

evaluated using an atomic force microscope (AFM) and a 

Nomarski-type optical microscope. 

3. Results and discussion 
3.1    Giant photoexpansion 

Figure 1 shows an AFM image of a 50 um-thick 

As2S3 sample exposed for 10 s to a light beam focussed by a 
microscope objective of lOOx. The beam diameter at the 

sample surface was ~ 2 um so that the power density was 

estimated at 5x10" W/cm2. We see in the figure that the 

illuminated region expands convexly. The height of the 

deformed region is ~ 600 nm, which corresponds to ~ 1.5 % 

of the sample thickness, and the diameter is ~ 2 um being 

comparable with the light-spot size. 
Mechanisms of this phenomenon still remain to be 

studied [6]. It is demonstrated that this photoeffect 
enhances at low temperatures to 20 urn [7], which manifests 
that the phenomenon is athermal, i.e. it being a kind of 
photoelectro-structural processes [2]. In more detail, the 
phenomenon is assumed to be caused by photoexpansion 
and photoinduced fluidity. That is, it is known that the 
photoexpansion (of ~ 0.5 % at room temperature) is inherent 
to illuminated regions in As2S3 [8]. Then, when the light- 
spot size is smaller than the penetration depth of light (~ 
lcm for 633 nm light) and the film thickness, we can 

envisage an illuminated cylindrical volume, which tends to 
expand. However, sideward expansion of the volume is 
suppressed by unilluminated regions, and it will be 
converted to a free expansion at the illuminated surface 
through the photoinduced fluidity [9]. As a result, the 
prominent expansion appears through this volume effect. 

This process can make a variety of convex 

deformations with diameters of 2 -100 urn and heights of < 
20 urn only by light exposures. It is suitable for fabricating 

micro-circular deformations. Linear expansions can be 
produced by moving light spots. Produced deformations 
are stable at room temperatures, while these can be erased 
by annealing at ~ 180 °C. Applications of these structures 
to microlenses and so forth have been demonstrated 

previously [10]. 

0.5 \i 

5 |am 

Fig. 1 An AFM image of a 50 um-thick 
As2S3 sample after an exposure for 10 s to 2.0 
eV light of 1.8 mW. 

0.1 nm 

Fig. 2 An AFM image of a 1 um-thick 
AgAsS2 sample after an exposure for 60 s to 
2.0 eV light of 0.2 mW. 

3.2   Photoinduced ion accumulation 
Figure 2 shows an AFM image of a 1 um-thick 

AgAsS2 film after an exposure to the focussed light beam 
for 60 s. We see a circular convex structure at the 
illuminated region. The diameter of the convex structure is 
nearly the same with that of the focussed beam spot, ~ 2 urn, 
and the height is ~120 nm, which amounts to ~12 % of the 
sample thickness. The deformation is stable, at least, for a 
half year at room temperature in the dark. On the other 
hand, the deformation can be erased with an annealing 

treatment at the glass transition temperature, ~ 150 °C. 
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Ambient light will also erase the structure. 

This phenomenon is assumed to be caused through a 

photoinduced chemical modification process [11]. When 

AgAsS2 is illuminated with light, electrons and holes are 

photoexcited, and the holes diffuse toward unilluminated 

regions. The illuminated region is then negatively charged, 

and in response, Ag+ ions in the unilluminated region 

migrate to the illuminated region. This Ag+-ion 

accumulation causes the photoexpansion with the 

photoinduced fluidity. Actually, as will be reported 

elsewhere [12J, the Ag concentration in illuminated region 

increases by ~ 3 at.%, which is quantitatively consistent 

with the observed volume expansion. In addition, we see 

in Fig. 2 that the peripheral of the expansion is slightly 

hollowed, which signifies the Ag depletion. 

It has been demonstrated that the expanded structure 

shown in Fig. 2 works as a microlens. Actually, when the 

expansion was inspected using an optical microscope, 

transmitted light was found to be focussed at 2 urn above 

the structure. This focal length is quantitatively reasonable. 

The focal length/can be estimated as/= r2 / 2(n-l)AL [2], 

where r and AL are the radius and the height of the 

deformation, and « is the refractive index of the expanded 

medium. Putting r = 1 um, AL = 0.12 um, and « -3.0 (the 

refractive index of AgAsS2 [13]), we obtain/» 2 um, which 

is consistent with the observed focal length. 

Minimal deformations in lateral dimensions can be 

produced by using evanescent light obtained from the 

SNOM fiber probes. Ag^Ge^^ films were utilized in 

this experiment, since it has been known that in Ag-rich 

glasses prominent accumulation of Ag+ ions occurs through 

the photo-surface deposition process [14]. 

Figure 3 shows a typical result. The obtainable 

beam diameter by this SNOM probe is ~ 0.2 urn [15]. The 

input light intensity into the fiber is -0.1 mW, and the 

output intensity from the probe is estimated at ~ 1 nW. 

Shorter exposure times are preferred here, and accordingly, 

blue light has been employed [5], which gives an exposure 

time of 2 s. The expansion is circular with a diameter and 

a height of 0.2 urn and 20 nm. In this result, we also see 

the hollow structure around the expansion 

20 nm 

0.5 urn 

Fig. 3 An AFM image of a 0.5 urn thick 
Ag6oGe12S28 sample after an exposure for 2 s to 
2.6 eV evanescent light of ~ O.lnW. 

5 um   ">s», ^iF äaJF 

Fig. 4 An AFM image of a grating pattern 
fabricated on a 1 um-thick AgAsS2 film for 2 
hours light exposure. 

Grating structures can be produced with this ion- 

accumulation phenomenon. Figure 4 shows an AFM 

image of a grating pattern fabricated on a 1 urn-thick 

AgAsS2 film, which is exposed to two-beam interference 

fringes of the 2;0 eV light for 2 h. The fringe spacing of 

the grating is ~ 1.4 urn and a modulation amplitude is ~ 10 

nm. 
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4. Comparison 

Figure 5 compares the expansion height made 

through the giant photoexpansion (3.1) and the 

photoinduced ion accumulation possess (3.2) as a function 

of the light-spot size. As an absolute value, the 

photoexpansion can produce higher expansions over varied 

spot diameters. The volume effect is essential for the giant 

photoexpansion, and accordingly it appears only in thick 

samples. On the other hand, the ionic process appears only 

for spot diameters smaller than 5 um, which may correspond 

to the diffusion length of the Ag+ ions [16]. However, the 

fractional change reaches to 12 %. At low temperatures, 

the giant photoexpansion becomes greater [7], while the 

photoinduced ion accumulation disappears [12]. 

5. Final remarks 

The volume expansion phenomena described in the 

present work have some advantages. First, the phenomena 

can be induced only by mild laser light in a variety of 

chalcongenide glasses. For instance, blue laser light can 

produce the giant photoexpansion in as GeS2 [2]. Second, 

the present phenomena are athermal, and accordingly 

precise patterns can be produced. In thermal phenomena, 

heat conduction precludes precise pattern control. Third, 

these laser processing can be used under any circumstances, 

such as in the air. 
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An investigation on the laser ablative shaping (LAS) of the quartz glass has been made experimentally. F2 laser laser was 
used as the laser light source for efficient ablation of quartz material. The output beam of F2 laser was focused on to the 
surface of quartz plate. The ablation rate was about 10 micron m/pulse at the irradiation fluence of 2 J/cm . A uniform 
ablation of quartz plate has been demonstrated using F2 laser. The waveform of incident and transmitted laser light was 
measured by high speed photo-tubes to observe the time dependence of the absorption. The measured waveform indicates that 
the absorption was small at the leading edge of the laser pulse, and a strong absorption was induced at the end of laser pulse 
due to the excited state absorption. These phenomena are quite similar to both in F2 and ArF laser light. We have developed a 
simple model in which the instantaneous absorption is proportional to the absorbed energy prior to the moment. The 
calculated absorption was in good agreement with the measured wave-form. The change of transmittance in UV and VUV 
region was measured after the irradiation of F2 laser for samples of different concentrations of impurities. 

Keywords :   laser ablation, F2 laser, quartz glass, ablation rate, absorption coefficient, excited state absorption 

1. Introduction 
In the field of optical fabrication, the quartz glass is a very important material because it has very high transmittance in 

wade range of spectrum (from near IR to VUV region), high thermal resistivity, suitable hardness, high uniformity, and high 
chemical stability. The importance of the quartz glass have been largely increased recently for the application in VUV laser 
lithography. However, this quartz glass is usually shaped by optical polishing because the hardness of quartz glass is high. In 
the polishing process, a long process time and skillful techniques are necessary to control the surface shape. 

On the other hand, we have developed a new scheme to control the surface shape of optical elements using laser ablation[l]. 
In this scheme, we used optical plastics coated on the glass plate as the ablation surface, and ArF excimer laser (193 nm 
wavelength) was used as the light source. This scheme is called laser ablative shaping (LAS). LAS process was very 
effective to reduce the optical aberration of optical elements in transmission or reflected wavefront without any contact with 
the surface of material. 

However, the wavelength of ArF laser is too long for the LAS process of quartz glass because the photon energy of 193 nm 
laser light is 6.4 eV which is much smaller than the band gap energy of about 9 eV of quartz glass. We have investigated the 
LAS process for quartz glass using ArF and F2 lasers [2]. Although the wavelength of F2 laser is not enough short because the 
photon energy is 7.9 eV, F2 laser is the shortest wavelength laser which can provides reliable repetitive output. 

In this paper, the surface ablation of the quartz glass by F2 laser ablation are presented. The transformation of laser pulse 
waveform due to pass through the silica glass, and the change of spectral transmittance by laser expose are also described. 

2. Experimental setup and surface processing 
The F2 laser system [Lambda Physic 'COMPex 102'] was filled with the laser gas containing F2 and He up to 2.6 atoms. In 

the case of charged voltage of 30 kV, the laser pulse had about 6 mJ output energy and about 10 ns duration in full-width-half- 
maximum. Figure 1 shows a schematic optical arrangement for the laser ablation process with the F2 laser. The laser beam 
was focused by a MgF2 lens of 20 mm in focal length. All optical passes were substituted the air by nitrogen gas because the 
laser light at 157 nm wavelength is largely absorbed by the oxygen in the atmosphere [3]. 
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Glove Box 

N2 gas flow 

Fig.l Schematic arrangement of the laser ablation 
process with F2 laser. 

Fluence (J/cm ) 
Fig.2   Dependence of the ablation depth 

on the fluence. 

The laser beam pattern changes its intensity on the focal point because the laser oscillation was temporally and spatially 
multi mode, and fringes were observed on the ablated track of the quartz glass. A uniform part of the focal pattern was 
selected with 250 mm aperture. 

To measure the ablation rate, the ablated depth vs. the irradiation fluence (shown in Fig. 2) or the number of shots was 
observed. The ablated depth was measured with increasing the number of shots. It was a linear function to the number of shots 
and to the fluence. A flat surface process was made by scanning the substrate with X-Y stage. The processed surface and its 
vertical profile are shown in Figs. 3 and 4. Although a uniform ablation was obtained, the surface roughness was large as a 
few urn. This surface roughness was produced due to a nonuniform beam pattern of the irradiation beam and the debris 
deposited on the surface during the process. These problems will be improved using the beam homogenizer and the gas jet 
flow. 

0.5 1 1.5 

Horizontal length (mm) 

Fig.3 Processed surface by scanning irradiation (X 50). Fig-4 Vertical profile of scanned surface. 

3. Deformation of transmitted pulse waveform 
As described above, flat surface ablation of quartz glass have been made using F2 laser light. However, the surface 

roughness of the ablated area was highly degraded due to the increase of small ripples in wade range of spatial frequencies. 
This ripple may be originated in the ablation process of quartz glass by F2 laser light. The photon energy of F2 laser is 
smaller than the band gap energy of quartz glass (Si02), and the ablation process must be a non-linear process. To improve 
the LAS process of quartz glass, we must know the ablation mechanism. For this purpose, we measured the transient 
absorption at 157 nm by measuring the pulse shape through the quartz sample. The experimental arrangement is shown in Fig. 
5, and the input and the output pulses waveforms were observed in front of the focusing lens and downstream of silica sample, 
respectively, as shown in Fig.5. The pulse waveforms were measured with two biplanar photo-tubes and a digital oscilloscope. 
The irradiation fluence was adjusted by shifting the sample against the focal point of the lens. The signal of the transmitted 
waveform was compared with the input pulse waveform. The input and the output pulse was in good agreement at low 
fluence. With increasing the fluence, the waveform of output pulse deviates from the incident waveform as shown in Fig. 6(a). 
This phenomena are quite similar in the case of ArF laser light. 
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Fig. 5 Experimental arrangement for the measurement of 
the input and transmitted waveform. 
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Fig. 6 Measured and calculated waveforms. 

This phenomena was understood that the transient absorption depends on the fluence of F2 laser. These results indicates that 
the absorption of quartz glass for laser light is very small at the beginning of the irradiation, and it increases rapidly in time by 
increasing the fluence. It suggests the importance of excited state absorption. We constructed a model as following to 
understand the transient absorption. 

a(x, t) = AfQ(I(x,t) - I(x + Ax, 0) • exp(-r ■ t)dt, 

dH^l=-ß-I(x,t)2 -a(x,t)-I(x,t), 
dx 

0) 

(2) 

where A is a fixed number, a is absorption coefficient, ß is two photon absorption coefficient [4] and 1/ x is a life time of 
excited state. In these equations, the absorption coefficient a is given as a function of absorbed energy prior to the time 
period. The integral term of the incident fluence I(x,t) in Eq.(l) means that new absorption was generated due to the absorbed 
energy in unit length Ax. It is also assumed that the absorption is decreased with a life time x. At the parameters of A : 3555 
X 109, ß : 0.1 cm/W and 1/ x : 16.7 ns, the transient absorption was calculated by using these equations. Figure 6 (b) shows the 
instantaneous ratio of the output pulse to the input pulse, and the transient absorption calculated by Eq.(l). The results from 
Eq.(l) could fit to the experimental plots. In the processing of the quartz glass with F2 laser, therefore, the excited state 
absorption is important on the ablation mechanism. 

4. Spectral transmittance 
There are many kinds of quartz glass with different compound elements and with different optical performances. At 157 nm 

wavelength, for example, the quartz glass has the transmittance of 0 to 40 %/cm [5]. We compared with the spectral 
transmittance of five quartz glasses with different elements as shown in Table 1. One example of the measured results for 
10000 pulses exposing at 1.5 mJ/cm2 fluence and for 36000 pulses at 4 mJ/cm2 are shown in Fig. 7 (a) and (b). At low fluence, 
a weak increase of transmittance (so called bleaching) was observed. However, at the higher fluence, a broad spectrum 

absorption has been observed as shown in Fig. 7 (b). 
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Table 1 Summary of content in different samples of silica glass. 

sample 
OH 

(10"cm •') 
Cl 

(10"cm"5) 

SiH 
(10"cm ]) 

H2 
(10'"cm') 

EDA 
7.1 

(90ppm) 
<0.1 n.d. n.d. 

ED-H 
3.2 

(40ppm) 
<0.1 n.d. n.d. 

ED-B <0.1 <0.1 1.0 n.d. 

ED-C <0.1 
31 

(lOOOppm) 
n.d. n.d. 

ES 
93 

(1200ppm) 
1.2 n.d. 1.8 
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7   VUV transmission change of quartz glass 
with F2 laser irradiation., 
(a) at 1.5 mJ/ cm2, and (b) at 40 mJ /cm2. 

5. Summary 
We tried to shape the surface of quartz glass by scanning irradiation using F2 laser. A uniform plane ablation has been 

achieved although the surface roughness was still large. This shows the future possibility of laser ablation by VUV laser for 
processing the optical elements. The waveform measurement of the transmitted laser light through the silica glass shows very 
strong absorption in the latter part of the irradiated pulse. To investigate the reason for this phenomena, we calculated with a 
simple model that absorption coefficient increased in proportion to the amount of energy absorbed prior to the moment, and its 
result was in very good agreement with the measurement. As the result, the latter part of the waveform decreases because the 
laser light is absorbed by the excited state witch was generated by the early part of laser pulse and which declines in a life 
time. This indicates that the ablation process contains not only the multi-photon absorption but also excited state absorption. 
This phenomena is a non-linear one which is greatly depends on the fluence and the photon energy. Because photon energy is 
large in F2 laser, the generation of the color center is also remarkable. The knowledge obtained through this experiment is very 
important to achieve uniform ablative shaping (LAS) of the quartz glass. We will investigate the interaction of F2 laser light 
and quartz glass using time and spectrum resolved absorption measurement in the next step. 
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A wideband and ultrafast phototube is applied to diagnose laser-induced plasma-assisted ablation 
of fused quartz. It is found that signal waveform is closely related to laser fluence and target-to- 
substrate distance. For the distance less than a threshold, below which quartz ablation takes place even 
by single pulse irradiation, there are three peaks detected. Signal analyses show that the first peak is 
attributed to laser scattering, the second and third ones to Ag target and quartz substrate ablation. It 
confirms that there is a direct influence of target plasma on substrate ablation. The third peak moves 
forward and overlaps with other peaks as the distance decreases and laser fluence increases. Peak 
amplitude and its arrival time of the quartz plasma are used to characterize the ablation dynamics. 
Signal variation with pulse number shows that at a higher distance, there are only two optical peaks 
attributed to laser scattering and target ablation in the first pulse. While by further pulse irradiation, 
the peak for quartz ablation is recorded. It is due to Ag thin film deposited on quartz rear side surface 
after the first pulse irradiation. As the distance increases further, the peak for quartz ablation moves to 
the right and finally disappears because of no thin film deposited. 

Keywords: signal diagnostics, laser-induced plasma-assisted ablation, laser plasma interaction, 
fused quartz, plasma substrate interaction 

1.    Introduction 

Fused quartz is one of the most important materials in 
various industrial applications due to its high hardness, high 
thermal stability and high transparency in the visible 
wavelength region. It is highly desirable to develop a 
sophisticated microfabrication technique for this material to 
manufacture phase shift masks, optical waveguide devices 
and UV optics [1,2]. With a wide energy bandgap around 9 
eV, fused quartz is transparent to most laser sources. 
Though F2 and vacuum-ultraviolet (VUV) Raman lasers 
have been successfully applied in the microfabrication of 
fused quartz [3,4], these technologies have disadvantages of 
high photon cost, poor beam quality and complicated setup. 
Recently, K. Sugioka et al. proposed a highly potential laser 
ablation scheme for transparent hard materials 
microfabrication by UV and visible lasers [5,6]. With an aid 
of laser-induced plasma from a metal target ablation, fused 
quartz can be drilled through or patterned. However, the 
quartz ablation is highly dynamic. In the nanoseconds time 
scale, there are target ablation with plasma generation as 
well as complicated interactions among laser light, target 

plasma and quartz substrate. Detail mechanism on the laser 
ablation is still unclear. In this paper, an ultrafast phototube 
is applied to diagnose optical signals generated during the 
laser-induced plasma-assisted laser ablation of fused quartz. 
Signal analyses of laser light scattering and plasma 
generation from both metal target and quartz substrate 
ablation are carried out. Signal variation as a function of 
laser fluence, pulse number and target-to-substrate distance 
is studied for a better understanding of mechanisms behind 
this dynamic process. 

2.    Experimental setup 

Figure 1 shows experimental setup for the optical signal 
diagnostics of pulsed laser-induced plasma-assisted ablation 
of fused quartz. A KrF excimer laser (Lambda Physik, LPX 
100) was used as a light source. It has a wavelength of 248 
nm and a pulse duration (FWHM) of 23 ns. Laser beam 
went through a beam splitter. 5% of its energy was reflected 
into an energy meter to monitor its output. The other part of 
laser energy was focussed onto a Ag (99.99%) target in 
ambient air by a quartz lens with a focal length of 150 mm. 
Laser fluence was tuned by varying laser output energy. 
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Optical-graded fused quartz (Viosil, 0.5 mm thick, Shinetsu 
Quartz Co. Ltd.) was used as substrate, which was placed in 
front of the Ag target and adjusted by a micrometer with a 
target-to-substrate distance from 0.2 to 2 mm. Before the 
laser irradiation, it was ultrasonically cleaned with acetone 
and ethanol, followed by rinse with DI water. Since it is 
transparent, the laser light goes through the substrate first 
and then ablates the Ag target. Plasma generated from target 
ablation interacts with quartz rear side surface and later part 
of incident laser light, which induces significant ablation on 
the quartz surface. An ultrafast phototube (Hamamatsu 
R1328U-53) with a photocathode diameter of 1 cm was 
applied to capture optical signals generated during the laser 
ablation. Its spectral response is from 185 to 650 nm with 
rise time and fall time of 60 and 55 ps, respectively. It 
detects scattered laser light and plasmas generated from both 
target and substrate ablation at a same time. Optical signal 
recorded was sent to a digital oscilloscope (Lecroy LC 
534A, bandwidth 1 GHz and sampling rate 2 GS/s) with a 
time resolution of 1 ns. Synchronous output of laser 
controller was sent to the oscilloscope as a trigger signal for 
the signal detection. Digitized signal was then sent to a PC 
for data storage and further processing. A narrowband 
interference filter, which only allows 248 nm laser light 
passing through, was inserted in front of the phototube to 
distinguish the scattered laser light from the plasmas. The 
phototube was kept at 5 cm away from laser spot on the Ag 
target at a detection angle of 90° with respect to target 
normal. Its center was kept in the same level of the target 
surface and optical signals were sensed from the upper half 
of the phototube. 
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Fig. 1 Experimental setup for the optical diagnostics of pulsed 
laser-induced plasma-assisted ablation of fused quartz. 

3.   Results and discussion 

Figure 2 shows the optical signals captured at the first 
pulse of laser irradiation for a laser fluence of 7.2 J/cm2 and 

target-to-substrate distances of 0.22, 0.54, 0.79 and 1.95 
mm, respectively. It can be found that there are two peaks in 
an optical signal for the distance of 1.95 mm. Microscopy 
observation of target and substrate surfaces before and after 
the laser ablation showed that the Ag target was ablated with 
the laser irradiation while morphology of quartz surface 
didn't change. It was also observed in the experiment that 
the second peak disappeared after the signal passing through 
a 248 nm filter. Therefore, it can be concluded that the first 
peak is attributed to the laser light and the second one to 
plasma generated from the target ablation. Since the 
phototube was placed out of reflection plan of the incident 
laser beam. The first peak is attributed to light scattering 
during the laser ablation. While for the distance of 0.79 mm, 
there is another peak following the target plasma in the 
optical signal. Surface morphology comparison showed that 
both the target and substrate were ablated with the first pulse 
of laser irradiation. It means that this new peak is attributed 
to the quartz ablation. As the distance reduces further, its 
peak amplitude increases greatly and the peak position 
moves to the left and overlaps with the other peaks. Optical 
emission spectrum analyses also confirm that the third peak 
is attributed to the quartz ablation with its emission spectral 
lines detected [7]. Since the quartz substrate is transparent 
to the laser light, its ablation is resulted from the aid of 
target ablation-induced plasma. 

248 nm, 23 ns 
Quartz 

Pulse Number: 1 _ „.„ 
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Fig. 2 Optical signals captured during the first pulse of laser 
ablation at a laser fluence of 7.2 J/cm2 and target-to-substrate 
distances of 0.22,0.54, 0.79 and 1.95 mm. 

To analyze the peak distributions, the optical signals 
were deconvoluted into three different profiles. Since the 
laser light is in a form of pulse, it is fitted by the following 
equation: 

f,(t)=Ax[]-exp(-^^)J"xexp(-^^)   , 0) 

where A, p, to, Xj and x2 are fitting parameters. Meanwhile, 
laser ablation of solid materials produces a plasma which 
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has a strongly forward-peaked distribution along a direction 
normal to the substrate surface. Since there are strong 
collisions among plasma species at early stage of laser 
ablation, plasma generated behaves like a nozzle source. 
Besides plasma expansion, there is also a large center-of- 
mass motion. Therefore, plasma time-of-flight (TOF) 
spectrum is often described as a shifted Maxwell-Boltzmann 
distribution [8]: 

■v/ 
-; (2) B          r-(m/2kT0)(Lf- 

fz (0 = —xexp[ -2  

where B is a fitting parameter, m the mass of ablated species 
and k the Boltzmann constant. T„ represents the 
characteristic temperature of the distribution. Lf stands for 
plasma flight distance from the substrate surface and vd is 
the center-of-mass velocity. 

The above equations were used to fit the optical signal 
shown in Fig. 2 for the target-to-substrate distance of 0.22 
mm. Fitting result is illustrated in Fig. 3. Peak amplitude and 
its arrival time are applied to characterize laser light 
scattering and plasma generation. It was noted in the 
calculation that for the target ablation, the plasma flies 
toward the substrate, while plasma for the substrate ablation 
flies in the opposite distance, from the substrate to the 
target. It can be observed from Fig. 3 that the target plasma 
appears at a delay time of 5 ns after the starting of laser 
irradiation. Time for the laser interaction with target plasma 
is around 20 ns. It is defined as the time interval between 
laser pulse termination and starting of the plasma profile [9]. 
Since the target plasma flies outward at a high speed, it 
could reach the substrate rear side surface in a time delay 
less than 20 ns. Generation of the substrate plasma implies 
that the target plasma may interact with the later part of 
incident laser light at the quartz surface, which induces the 
latter ablation even with the first pulse of laser irradiation. 
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Fig. 3 Signal fitting for the first pulse of laser ablation at a laser 
fluence of 7.2 J/cm2 and a target-to-substrate distance of 0.22 mm. 

Figure 4 presents the peak amplitude and peak arrival 
time for the substrate plasma as a function of target-to- 
substrate distance during the first pulse of laser irradiation. 
Laser fluence applied was 7.2 J/cm2. It is clear that the 
plasma peak amplitude reduces while its peak arrival time 
increases with the distance. For the distance higher than 1.75 
mm, the substrate plasma disappears. It means that there is 
no laser-induced plasma-assisted ablation of the quartz 
substrate. This is because the target plasma reaches the 
substrate rear side surface at a time delay higher than 20 ns. 
The target plasma interaction with incident laser light 
finishes before it reaches the substrate surface. Therefore, it 
can be estimated that the target plasma is flying outward at a 
speed around 8.75xl04 m/s during the laser ablation at a 
laser fluence of 7.2 J/cm2. 
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Fig. 4 Peak amplitude and its arrival time for the substrate plasma 
as a function of target-to-substrate distance at a laser fluence of 7.2 
J/cm2 during the first pulse of laser ablation. 

Figure 5 shows the peak amplitude and peak arrival time 
for the substrate plasma as a function of laser fluence at a 
target-to-substrate distance of 0.25 mm during the first pulse 
of laser irradiation. It can be observed that the plasma peak 
amplitude increases greatly with laser fluence. Meanwhile, 
its peak position moves to the left at a higher laser fluence. 
It is because there is a stronger laser ablation of the Ag 
target at a higher laser fluence, which induces a higher 
dynamic target plasma. It enhances the interaction between 
incident laser light and the target plasma and results in the 
stronger quartz ablation. It can also be observed that there is 
no substrate ablation at a laser fluence of 1.2 J/cm2. From 
the experimental results, threshold fluence for the quartz 
ablation with the first pulse of laser irradiation can be 
estimated to be 1.4 J/cm2 for the target-to-substrate distance 
of 0.25 mm. At this fluence, time for the laser interaction 
with the target plasma is around 10 ns. Therefore, speed of 
the target plasma can be calculated as 2.5xl04 m/s. 
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Fig. 5 Peak amplitude and its arrival time for the substrate plasma 
as a function of laser fluence at a target-to-substrate distance of 
0.25 mm during the first pulse of laser ablation. 

Based on the previous discussion, it can be concluded 
that the quartz ablation at the first pulse of laser irradiation 
depends on the Ag target ablation and complicated 
interactions among incident laser light, target plasma and 
quartz rear side surface. For a high target-to-substrate 
distance, the target plasma reaches the quartz surface after 
the laser plasma interaction terminates. Though there is no 
the quartz ablation at the first pulse of laser irradiation, 
target plasma species deposit on the quartz rear side surface 
and form a metal thin film. It modifies the light absorption 
characteristics for the quartz surface, which induces the 
quartz ablation with further pulse irradiation. Figure 6 shows 
the peak amplitude of the substrate plasma as a function of 
pulse number at a laser fluence of 4.4 J/cm2 and target-to- 
substrate distances of 0.25 and 0.78 mm. For the distance of 

Ag+Quartz 
248 nm, 23 ns 

Laser Fluence: 4.4 J/cm' 

20 30 
Pulse Number 

Fig. 6 Peak amplitude of the substrate plasma as a function of 
pulse number at a laser fluence of 4.4 J/cm2 and target-to-substrate 
distances of 0.25 and 0.78 mm. 

0.25 mm, the peak amplitude at the first pulse is the highest 
and reduces gradually to zero with pulse number. This is 
because the quartz substrate is ablated and a through hole is 
formed after 50 pulses of laser irradiation. While for the 
distance of 0.78 mm, the peak amplitude is zero at the first 
pulse and starts to increase with the second pulse of laser 
irradiation. It is due to Ag thin film deposition on the quartz 
rear side surface at the first pulse. It enhances the quartz 
light absorption ability and induces its ablation at the second 
pulse. As pulse number increases, quartz ablation is stronger 
at the first several pulses and then reduces gradually as more 
and more quartz materials are removed. 

4.   Conclusions 

Optical diagnostic during laser-induced plasma-assisted 
ablation of fused quartz shows that the signal captured is 
attributed to laser light scattering and plasmas generated 
from both metal target and quartz substrate ablation. It can 
be concluded from signal analyses that quartz ablation is 
resulted from target ablation and dynamic interactions 
among target plasma, incident laser light and quartz rear 
side surface. For the distance lower than a threshold, quartz 
is ablated even at the first pulse of laser irradiation due to 
laser interaction with target plasma at the quartz surface. As 
the distance increases, there is no quartz ablation at the first 
pulse while it occurs with further pulse irradiation due to 
metal thin film deposition. Threshold distance is around 
1.75 mm for a laser fluence of 7.2 J/cm2. Quartz ablation is 
also closely related to laser fluence. For laser fluence higher 
than a threshold, the ablation occurs at the first pulse. 
Threshold fluence is about 1.4 J/cm2 for the distance of 0.25 
mm. Plasma speed at the early stage of laser ablation is also 
estimated. 
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A laser method for marking bar codes on glass substrates 
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A method that uses a Nd:YAG laser was developed to mark bar codes on glass substrates. In this 

method, bar codes are created by a combination of laser deposition and laser trimming; a film for the 

black bars of the bar code is deposited on the glass substrate, and part of the deposited film is trimmed to 

expose the white bars of the code. The resulting bar code has high contrast and high resolution. The 

measured transmission coefficient of the black bars was 2%. When the transmission coefficient was less 

than 70%, the bar codes were identified at an acceptable level, i.e. the code identification rate was at least 

70%, with an average of 91%. The bar code was impossible to identify when the transmission 

coefficient was 78%. The laser power tolerance of the film deposition for code identification was about 

± 50% at optimum laser power. 

keywords: Nd:YAG laser, marking, bar code, 2-D matrix symbol, glass substrate 

1. Introduction 
Code marks, such as bar codes and two-dimensional (2D) 

matrix symbols on glass substrates, are used in the electronics 

industry to mark products, such as liquid crystal displays 

(LCD) and plasma display panels (PDP), during production. 

Recognized code data of the code marks are utilized to find 

optimum treatment of each process in the industry. For 

practical application, bar codes and symbols require the 

following properties: high resolution, stable quality, low 

damage to substrate, thermal- and chemical-proof, particle- 

free marking process, and low manufacturing cost. Several 

marking methods to the glass substrate have been developed, 

such as direct marking methods that use C02 laser or UV laser 

irradiation", inner marking methods2', and plasma assist 

machining methods3'. The advantages of direct marking 

methods are low cost and chemical-proof marks. The 

disadvantages are that the code marks are not visible and the 

marked substrates are structurally weak. The advantages of 

laser deposition marking methods that use a Nd:YAG laser 

are that the marks are visible and are thermal- and chemical- 

proof. The disadvantages are that the resulting code marks do 

not have high enough contrast or resolution and that a high 

concentration of particles is generated during the marking 

process". Laser transfer marking methods that use a Nd:YAG 

laser have many advantages, such as high contrast and 

resolution, because the code marks are marked by using a low 

laser power " 4). However, the stability of the quality is 

strongly dependent on the laser power, because adhesion of 

the codes and the symbols on the glass substrates depends on 

the laser power as well. Furthermore, the method requires 

accurate substrate setting mechanism for marking, so that the 

gap between the glass substrate and transfer material is stable 

and constant. 

To solve the most drawbacks of the above-mentioned 

methods, I developed a marking method that involves two 

processes; laser deposition and laser trimming. This method 

was then used to mark bar codes and 2D matrix symbols. The 

results show that the marked bar codes and symbols have 

high properties on code identification. 
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2. Fundamentals of the developed marking method 

Figure ] shows a schematic of the developed   marking 

method for bar codes and 2-D matrix symbols. 
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Figure 1   Developed marking method for marking bars 

codes and symbols on glass substrates. 

In the laser deposition, first, a glass substrate is placed on a 

metal plate with the fixed gap between the substrate and plate. 

Then, the surface of the metal plate is irradiated with the laser 

through the glass substrate, thus creating plasma in the gap. 

This plasma then deposits as a film on the glass substrate. 

The laser beam acts as a raster, and thus a film is deposited on 

the substrate wherever the laser scans. In the laser trimming, 

the metal plate is removed, and part of the film is removed, or 

trimmed, by laser irradiation. Thus, the black segments of a 

symbol or bar code are made by the laser deposition process, 

and the white segments by the laser trimming process. The 

developed marking method differs from conventional 

marking methods in that the conventional marking methods, 

the black segments are marked at the point of laser irradiation 

on the glass substrate by machining, deposition, or transfer, 

whereas in the developed marking method, a film is made on 

the marking object, which is a glass substrate. 

3. Experimental 

Laser power of Nd:YAG laser marker was measured a 

function arc lamp current for pumping at continuous-wave 

(CW) irradiation and pulse irradiation. The relationship 

between the laser power and the arc lamp current was 

determined. 

Bar codes on sodium glass substrates with a stainless steel 

plate were made by the developed marking method. The gap 

between the glass substrates and the stainless steel plate was 

60 ft m. In the laser deposition, films were deposited on a 

glass substrates at a raster scanning with 50 ß m pitch, with 

arc lamp current from 11 to 16 A, and at a Qsw frequency of 

3kHz. The transmission coefficient of the deposited films 

was measured by using the measurement system shown in 

Figure 2. 

Photo detector 

Lens 
ilm^ 

Laser beam ( 630nm ) 

c 
LD 

Film. Glass substrate 

Figure 2    System used to measure the transmission 

coefficient of a deposited film 

The relationship between the transmission coefficient of 

the film and the code identification performance of marked 

bar codes was determined by using various marking 

conditions: arc lamp current from 11A to 16A, and Qsw 

frequency of 2,3,4 and 8kHz. A bar code scanner with a 

630nm wavelength laser diode (LD) was used for the code 

identification. Code identification rate was defined as the 

number of successful identifications of 500 times reading on 

the same bar code. 

4. Results and Discussion 

Figure 3 shows the laser power as a function of the arc 
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lamp current for CW and Qsw frequency. The laser power 

increased with increasing arc lamp current and increasing 

frequency. The increase of the laser power was relatively 

linear between 11A and 18A. 
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Figure 3 Laser power versus arc lamp current at various Qsw 

frequency. D : CW,   • : Qsw = 1kHz. 
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Figure 4 Transmission coefficient of the deposited film as 
a function of the arc lamp current used in the 
marking. 

Figure 4 shows the transmission coefficient of the films as 

a function of the arc lamp current used in the marking. The 

maximum transmission coefficient was 25% at 16A, and the 

minimum was 2% at 13A. When the current exceeded 14A, 

the transmission coefficient increased probably due to the 

mode fluctuation of the Nd:YAG laser. The energy density of 

the laser beam decreases as the laser beam spot diameter 

increases, and thus the thickness of the films marked with a 

current over 14A is thinner than that of films marked with a 

current of 13 A. 

Figure 5 shows the relationship between the transmission 

coefficient of the black bars and code identification rate of the 

bar codes. The bar codes were made at various lamp currents 

(11,12,13,14,15 and 16A) and Qsw frequencies (2,3,4 and 

8kHz). 
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Figure  5     Code  identification  rate versus  transmission 
coefficient of the marked black bars. 

When the transmission coefficient was less than 70%, the bar 

codes were identified at an acceptable level, i.e. the code 

identification rate was at least 70%, with an average of 91%. 

The bar code was impossible to identify when the 

transmission coefficient was 78%, corresponding to bar codes 

marked using the lowest laser power i.e., arc lamp current of 

11A at a Qsw frequency of 2kHz. The range of laser power 

resulting in an identifiable bar code was 2.5W to 10W. The 

tolerance of the laser power was ± 50% at a Qsw frequency 

of 4kHz. In conventional marking methods, this level of 

tolerance can not be achieved. This level of tolerance shows 

that the developed marking method is effective for marking 

by using a YAG laser with mode fluctuation. 

Figure 6 shows a representative photograph of a bar code 

made with the developed marking method. The width of the 

narrow bars was 0.2mm and that of the wide bars was 0.5mm. 
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The white narrow bars were formed by scanning three lines 

with the laser beam. The high contrast of this bar code makes 

the code easy to identify. Although a bar code in which the 

narrow bars were 100 ß m wide was successfully marked, the 

code could not be identified because it was below the 

detection limit of the bar code scanner. 

Figure 6 Photograph of a marked bar code on a glass 
substrate. 

(a) 1.6mm (b) 1.6mm 

the white and black segments are indistinct. The reason for 

these indistinct boundaries is that during deposition of the 

film, a area of the deposited film for the black segments is 

wider than the laser beam spot diameter. The film thickness 

of the black segments is thinner at the boundaries. In contrast, 

the symbol created by the developed laser marking method 

has high resolution and high contrast. In the developed laser 

marking method, the same result, namely, high resolution and 

high contrast, is expected when a coated film on the glass 

substrate is irradiated with the laser. 

Compared with conventional methods, the developed 

method produces highly stable code identification due to the 

high contrast and high resolution of the marked codes. The 

developed laser marking method was applied to marking 

equipment for bar codes in a display panel manufacturing 

line. 

5. Conclusion 

The developed marking method successfully produced 

marked bar codes that have stable quality for code 

identification due to high contrast and high resolution, and 

have wide tolerance of laser power. 

Figure 7 CCD images of marked 2-D matrix symbols on 
a glass substrate. 

(a) Laser deposition marking method 
(b) Developed laser marking method 

Figures 7(a) and (b) show CCD images of 2-D matrix 

symbols marked by a conventional laser deposition marking 

method   and  by  the  developed  laser marking  method, 

respectively.   The symbol created by conventional   laser 

deposition has low contrast because the boundaries between 
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Photo-induced refractive-index changes in filaments 
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Recently, the structural modifications of glass by focusing femtosecond laser pulses have been 
demonstrated. We present photo-induced structural changes in silica glass with femtosecond laser 
pulses. We investigated the relationship between the formation of filaments and local refractive index 
changes in silica glass. In situ observation revealed the coincidence between the location of filament 
and that of refractive index change. The observation also showed that the region of refractive index 
change elongates toward the upstream direction of laser pulses with the exposure time. The region of 
refractive index change was several hundred-micron long and the diameter was smaller than two mi- 
crons. The length of the region was dependent on the numerical aperture of focusing lenses. The re- 
fractive index change was confirmed to be as large as 0.01 by three different methods. We fabricated a 
2-mm waveguide by translating the sample along the optical axis. 

Key words: femtosecond laser pulses, filament, refractive index change, waveguide, micro-fabrication 

1.    Introduction 

Over the past three decades, many researchers have in- 
vestigated the fabrication of Bragg grating in Ge-doped sil- 
ica glass with UV radiation [1]. Recently, the structural 
modifications of dielectrics by focusing intense femtosecond 
laser-pulses have been demonstrated [2-4]. The large in- 
crease (> 0.01) in the refractive index was obtained in the 
region of glass damaged by femtosecond laser pulses [5]. 
The infrared photosensitivity allows the fabrication of 
three-dimensional photonic structures or devices by trans- 
lating the sample with respect to the focal point. Although 
the physical mechanisms responsible for infrared photosen- 
sitivity are still under investigation, this technique has been 
applied to the three-dimensional optical storage [6-10], 
waveguides in a wide variety of glasses [11-13], gratings 
[14-16], couplers [13], and photonic crystals [16]. 

Self-focusing of ultrashort laser pulses in transparent ma- 
terials has close connections with the induction of refractive 
index change [5] and 3-D microstructuring [17]. The fila- 
ment formation has been reported to lead to the crystalliza- 
tion of silver nanoperticles in silver-doped glass [18]. The 

filamentation is also applied to bulk modification in optical 
fibers [19]. In this paper, we investigate the relationship 
between the filament and the refractive index change in sil- 
ica glass that are induced by femtosecond laser pulses. In 
situ observation of the filament and the region of refractive 
index change shows that the region moves toward the inci- 
dent direction of laser pulses with the exposure time. We 
also observe that the location of filament coincides with the 
region of refractive index change. The region has the length 
of several hundreds of microns and the refractive index 
change is confirmed to be 0.8xl0"2 by the two of three dif- 
ferent methods. The present study suggests a special tech- 
nique that allows fabrication of low-loss straight waveguides 
and small Bragg reflectors. 

2. Experiments 

Figure 1 shows the optical setup. We focus the laser 
pulses inside a sample of silica glass; a cube of 3 x 2 x 20 
mm. The sample is commercially-available fused-silica 
glass. The 4-sides of the sample are optically polished for in 
situ observation. In the experiment, we used 130-fs pulses 
intensified   by   Ti: sapphire   regenerative   amplifier.   The 
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Figure 1 Schematic of the optical setup for in situ observa- 
tion of a filament and the region of refractive index change 
in silica glass: ND, neutral density filters; SH, shutter. 

wavelength was 800 run and the repetition was 1-kHz. We 
minimized the pulse duration at the focal point by adjusting 
the compression grating in the amplifier of the laser system. 
This minimization is achieved by obtaining the strongest 
supercontinuum in the far field. 

We observed the temporal behavior of filament formation 
and then the photo-induced refractive-index change. We will 
use in the following the term "filament" to refer to the re- 
gion where the laser pulses are localized due to self-trapping 
and are partly scattered thereof by the process of Rayliegh 
scattering. We can thus observe the filament without illu- 
mination. When we observe the resultant refractive-index 
change, we illuminate the region of interest by a halogen 
lamp. 
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Figure 2 Relationship between the filament and the region 
of refractive index change: (a) photograph of the fila- 
ment; (b) the region of refractive index change; (c) ex- 
panded view of the region of refractive index change. 

Figure 2 shows the relationship between the filament and 
the region of refractive index change. Fig. 2(a) shows the 
microscopic side view of a single filament under excitation 
by ultrashort laser pulses. The laser beam was focused by 
single lens that has a focal length of 100 mm (0.01-NA). Fig. 
2(b) shows microscopic side view of the same region where 
the refractive index change was induced by the excitation of 
laser pulses. The region was exposed to the laser pulses for 2 
min.. Fig. 2(a) and (b) show that the region of refractive 
index change spatially coincides with the location of the 
filament. Fig. 2(c) shows the expanded view of the region of 
refractive index change. The figure shows that the profile is 
quite smooth. 

Figure 3 shows the trans-illuminated microscopic images 
of refractive index change induced by a single and multiple 
filaments. The incident energy of laser pulse was varied un- 
der the condition of fixed exposure time (2 min.). When the 
incident energy is lower than 0.7 uJ/pulse, the filament is 
not observed nor is the refractive index change induced. In 
the range of 0.7-2.3 uJ/pulse, a single filament is generated 
and the refractive index change is also induced in the same 
region as the filament. In the range of 2.3-10 uJ/pulse, mul- 
tiple filaments are generated and the refractive index change 
is induced in the same region as each filament. The result is 
shown in Fig. 4(a). Generation of multiple filaments in glass 
has already been reported by Steinberg [20]. Beyond the 
pulse energy of 10 uJ/pulse, granular structures that are seen 
in Fig. 4(b) were observed around the "linear focal" point 
where the laser pulses with the reduced energy would be 

TU 
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Figure 3 Variations of the resultant refractive-index change 
for different incident energies of laser pulses. 
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Figure 4 Trans-illuminated microscopic photographs of (a) 
refractive index change induced by multiple filaments and 
(b) granular structures. 

368 Proc. SPIE Vol. 4088 



focused without self-focusing. These structures were similar 
to that described by Ashkenasi [17]. We observed that when 
the incident energy was increased, the head of the filament 
moved to the upstream direction. We can ascribe this effect 
to the self-focusing of the ultrashort pulses. 

Figure 5 shows the dependence of the region of refractive 
index change on exposure time under the fixed inci- 
dent-energy condition (1.9 |xJ/pulse). The exposure time is 
varied from 0.25 min. to 30 min.. To our knowledge, we first 
observed the fact that when the exposure time is increased, 
the region of refractive index change elongates toward the 
upstream direction. This direction of elongation coincides 
with that of the movement of the granular structure as re- 
ported by Ashkenasi [17]. The elongation almost saturated 
after approximately 30 min.. The region is 500 um long and 
the diameter is 1.7 um. As far as we know, this is the small- 
est diameter of the core created by ultrashort laser pulses. 
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Figure 5 Variations of the resultant refractive-index change 
generated by single filament for different exposure time. 

We estimated the refractive index change by three different 
methods; the focusing method [21], the Senarmont compen- 
sator arrangement and the coherent filtering method. The 
coherent filtering method employs the Schlieren arrange- 
ment. The results are tabulated in Table 1. If we neglect the 
results of the focusing method that is based on the geomet- 
rical optics, we may adopt the value of 0.8xl0"2 for the 
maximum change of refractive index. 

Table 1 The refractive index changes estimated by the 
three methods. 

Method Calculated index change 

Focusing method 1.4 x 10-2 

Senarmont compensator 0.82 x 10"2 

Schlieren method 0.85 x 102 

We investigated the formation of filament and the refrac- 
tive index change by using focusing lenses with various NA. 
The results are tabulated in Table 2. The column of incident 
energy indicates the range of incident pulse energy where a 
single filament is formed. The column of length of the fila- 
ment indicates the length of the formed single filament. 

When the pulses with 1.1 uJ/pulse were incident through a 
lens with NA of 0.05, the length of the filament was 400 urn. 
Lower the NA, longer the length of the region of refractive 
index change was. The saturation time was also dependent 
on NAs. The maximum index change and the diameter did 
not depend on NAs. When NA was longer than 0.44, the 
strong optical damage occurred and no filaments were gen- 
erated. 

Table 2 Summary of the resultant refractive-index change 
for the various NAs of the focusing lens. 

Numerical 
aperture 

Incident 
energy 

Length of the 
filament 

Saturation 
time 

0.05 1.1-2.3 uJ 400-500 urn 30 min. 

0.1 0.9-2.0 uJ 120-200 urn 10 min. 

0.3 0.3-0.5 uJ 20-40 um 5 min. 

0.44 No filaments 

We conducted a thermal treatment of the sample with the 
refractive index change. The sample was treated at 1150°C 
for 1 hour. The treatment temperature was a little bit higher 
than the annealing point of silica glass. We took 4 hours to 
raise the temperature and took 19 hours to cool down to the 
room temperature. We observed through a microscope that 
the region of refractive index change was annealed out. This 
result implies the presence of stress in the sample before the 
thermal treatment. 

We fabricated a waveguide with a length of 2 mm by 
translating stepwise or continuously the sample along the 
optical axis. We coupled light from a He-Ne laser 633-nm to 
the waveguide. We used a microscope objective with NA of 
0.13 to couple the light. Due to the round shape of the end of 
the refractive index change, the maximum coupling was 
achieved by the beam of NA=0.13. We coupled 2-mW light 
and could not observe the scattered radiation from the 
guided light. We may conclude that we can fabricate 
waveguides with low loss propagation by using the method 
described in this paper. 

3. Conclusion 

We investigated the relationship between the formation of 
filament and local refractive-index change in silica glass that 
were induced by near-infrared femtosecond laser-pulses. In 
situ observation revealed that the location of filament coin- 
cides with that of the refractive index change. We also 
showed that the region of refractive index change elongates 
toward the incident direction of the laser pulses with the 
exposure time. The region of refractive index change in sil- 
ica glass was length of the several hundred-micron and the 
diameter was smaller than 2 microns. The length was de- 
pendent on the numerical aperture of the focusing lens. The 
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refractive index change in silica glass was confirmed to be 
0.8x10"2 by the two of three different methods. The present 
technique may be suited for the fabrication of small optical 
microstructures and devices inside glasses such as low-loss 
waveguides and Bragg reflectors. 
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Laser Surface Cleaning — Basic Understanding, 
Engineering Efforts and Technical Barriers 
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Laser cleaning as a new cleaning technique has emerged in order to effectively remove 
contaminants from solid surfaces. Two types of laser cleaning techniques have been developed 
recently, relying on pulsed laser heating of the surface without or with the presence of a thin 
liquid coating. Laser cleaning was demonstrated both theoretically and experimentally to be an 
effective cleaning technique for removing contaminants from solid surfaces without damage. For 
dry laser cleaning, two cleaning models were established for removal of particles from substrate 
surfaces from the viewpoint of energy and force. For steam laser cleaning, a cleaning model was 
established for removal of particles from substrate surfaces with a thin liquid layer by taking Van 
der Waals force, capillary force, cleaning force, and chemical bonding into account. The models 
not only explain the influence of incident direction, wavelength, fiuence on cleaning efficiency, 
but also predict the cleaning thresholds. The experimental results show that the laser cleaning 
efficiency increases with increasing fiuence and pulse number, but does not depend on the 
repetition rate. The surface cleanliness can be monitored in real time by acoustic, electric and 
optical means. Applications of laser cleaning to clean magnetic slider surface, magnetic media 
surface, silicon wafer and IC mold surface will also be addressed. Engineering efforts and 
technical barriers of laser cleaning will be discussed in detail. 

KEYWORDS: Laser cleaning, cleaning model, cleaning mechanisms, cleaning applications. 

1.    Introduction 

As semiconductor and microelectronics device 
fabrication technology advances toward higher 
densities and smaller circuit dimensions, 
contamination control becomes one of the most 
critical problems in the industry.1,2 Similarly, in the 
disk drive industry, head flying height has been 
continually reduced to increase the recording density. 
This implies that tiny particles on the slider or disk 
surfaces can damage both the slider and disk surfaces 
and hence lead to the failure of the disk drive system. 
The removal of contaminants from optical surfaces is 
a major concern as the contaminants on these surfaces 
can absorb and scatter light which degrades the 
optical throughput and stray light rejection. Thus, the 
cleanliness of solid surfaces becomes a highly critical 
issue. 

Consequently, there have been significant efforts to 
develop effective techniques to remove surface 
contaminants,1,2 such as high-pressure jet; mechanical 
wiping and scrubbing; etching and ultrasonic cleaning. 
Some of them such as ultrasonic cleaning require the 
immersion of a sample into a liquid bath, which has a 
number of serious drawbacks. Firstly, it is widely 
known that wet techniques could add contaminants due 
to insufficient cleaning and filtering of the liquid at the 
submicron level. Secondly, the usage of hazardous 
chemicals and solvents becomes undesirable for 
environmental and industrial reasons such as causing 
cancers in humans and depleting ozone layer. Other 
problems associated with the wet techniques are 
rinsing/drying difficulties and incompatibility with other 
processes. Hence, dry cleaning techniques have 
emerged in order to overcome these drawbacks. 

1 Y.F. Lu: Email: eleluyf@nus.edu.sg; Telephone: 65-8742118; Fax: 65-7791103 
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Recently, laser cleaning was demonstrated to be 
an efficient cleaning method for removal of 
particulate and organic film contamination from solid 
surfaces.3"20 Two types of laser cleaning have been 
reported in the literature, relying on pulsed laser 
heating of the solid surfaces without or with the 
presence of a thin liquid coating. We shall refer to 
these two types as dry laser cleaning and steam laser 
cleaning, respectively. For dry laser cleaning, 
particles can be ejected from particulate-contaminated 
surfaces by short-pulse laser irradiation. The proposed 
mechanism of the ejection is fast thermal expansion 
of the particle and/or solid surfaces, which induces 
large cleaning force to overcome the adhesion force 
between particles  and solid surfaces.16"20  Another 

2. Removal of film-type contaminants 

The mechanisms of laser-induced removal of thin 
film contaminants are laser photo-ablation and 
thermal-ablation.7 If the binding energies of 
molecules of thin film contaminants are within the 
range of photon energies of laser irradiation, photo- 
decomposition or photo-ablation is possible. For 
example, the photon energy of a KrF excimer laser is 
5 ev. This energy can break the O-O, H-H, O-H, C-C, 
C-H, N-H chemical bonds. When superfluous energy 
is irradiated, simultaneous thermal-ablation will 
occur. 

2.1 IC packages 
Plastic packaging of IC devices has been 

extensively applied in the wafer backend industry. IC 
components are generally placed into the cavities of a 
mould. Molding component liquefied by heat and 
pressure is then forced into the cavities. It solidifies 
and finally gives a sturdily encapsulated device. 
However, plastic encapsulation is by no means a 
perfect process. During the IC packaging, molding 
compound leaks out and forms flashes on IC package 
surfaces. It will greatly influence next packaging 
processes, such as plating and bending. In the worst 
case, it will even cause scrap of the whole IC package. 
Therefore, deflash of the IC packages is one of the 
critical processes in the manufacturing. Medium 
blasting, water jet shooting and chemical etching are 
conventional techniques in IC packaging lines. We 
found that laser cleaning can be used to remove those 
flashes from IC package. The cleaning efficiency of 
laser-induced removal of film-type contaminants is 
defined as the ratio of thickness of film removed and 
total thickness of the film. For laser cleaning of IC 
package, the cleaning efficiency is shown in Fig. 1. It 

mechanism is laser ablation of particles as particulate 
materials have small ablation threshold than that of the 
solid surfaces.9 The laser cleaning of organic film 
contaminants is considered due to laser photo-ablation 
and thermal-ablation of the contaminants.7 For steam 
laser cleaning, the proposed mechanism is assumed to 
be the momentum transfer from the laser-heated and 
suddenly evaporating liquid film to the particles on the 
solid surfaces.3"5 Compared with wet cleaning, it has 
several advantages such as dry process without using 
organic solvents, area-selective cleaning and cleaning 
samples on line. The following will focus on science and 
engineering in laser surface cleaning. The cleaning 
models, cleaning efficiency and several industry 
applications will be discussed in detail. 

is found that the cleaning threshold is about 100 mJ/cm2 

and the cleaning efficiency increases with increasing 
laser fluence. 
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Fig. 1 The cleaning efficiency. 

Figure 2 shows a typical optical micrograph of IC 
package surfaces before and after laser cleaning. It is 
observed that flashes on IC package surfaces have been 
removed by laser irradiation. 

Fig. 2 The typical optical micrograph of IC package 
surface before and after laser cleaning. 
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2.2. IC mould 
Traditionally, surface contaminants such as oil, 

grease, wax and other organic and inorganic 
compounds on IC mold are removed from the surfaces 
by injecting a substance called melamine into the 
empty molds, exposing it to intense heat and pressure 
to liquefy the substance, and then letting it solidify. 
During this process, the contaminants react with the 
melamine compound and bond to its surface of the 
solidified melamine compound. Once solidified, the 
melamine compound is thrown out. However, this 
method has a number of shortcomings such as long 
time processing, low cleaning efficiency and 
containing toxic fumes being harmful to human 
beings. We demonstrated that laser cleaning is a good 
cleaning method to remove these contaminants from 
IC mold surfaces. 

Figure 3 shows a typical optical micrograph of an 
IC mold with and without laser cleaning. In Fig. 3, 
the top half surface of the IC mold are processed by 
excimer laser irradiation, whilst the bottom one retain 
the contaminated originals. The experimental result 
shows that grease and wax contaminants on IC mold 
surfaces can effectively be removed by laser 
irradiation. 

found that resin contaminants around holes in PCB can 
be effectively removed by laser cleaning. Figure 4 shows 
typical optical micrograph of PCB surfaces before and 
after laser cleaning. 

~"
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Fig. 4 The typical optical micrograph of PCB surfaces 
before and after laser cleaning. 

Fig. 3 The optical micrograph of IC mold with (a) and 
without (b) laser cleaning. 

2.3 PCB 
Resin contaminants around holes are produced 

in manufacturing of printed circuit board (PCB). 
Usually, these contaminants are removed by inserting 
PCB into chemical solutions and letting them react 
with the chemical solutions. Although this method is 
widely used in industry, it has some drawbacks such 
as waste chemical  solutions processing.  We  also 

oo0ooc 

Before After 

Fig. 5 The typical optical micrograph of flexible circuit 
surfaces before and after laser cleaning. 

2.4 Flexible circuit 
Carbon contaminants on Kapton substrate surfaces 

are produced in manufacturing of flexible circuit. 
Usually, these contaminants are removed by plasma 
etching. We found that laser cleaning can be used to 
effectively remove these contaminants from the surfaces. 
Since Kapton substrate is almost transparent to green 
light, a YAG laser with a wavelength of 532 nm is good 
cleaning  source  without  damage  to  the  substrates. 
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Figure 5 is typical optical micrograph of flexible 
circuit surfaces before and after laser cleaning. It is 
seen that contaminants on Kapton surfaces have been 
removed by laser cleaning. 

3. REMOVAL OF PARTICLES 

3.1 Theory and experiment 

3.1.1 Dry laser cleaning 
Several important forces exist and can cause 

strong adhesion of a tiny particle on a solid surface.1 

These include Van der Waals force, capillary force, 
and electrostatic forces, which easily exceed 
gravitational forces on small particles. For a dry 
system, a capillary force will not be taken into the 
consideration while calculating the adhesion force of 
particles on substrate because there is no liquid film 
layer between the particulates and substrate (assuming 
negligible atmospheric moisture). In a dry system, 
Van der Waals force predominates for tiny particles 
with a particle size less than a few microns and 
electrostatic forces predominate for large particles, i.e. 
greater than about 50 microns in size.1 In 
semiconductor, disk drive and other microelectronic 
industries, particles are usually much smaller than 50 
|im, Van der Waals force is dominant adhesion force 
for these tiny particles on dry solid surfaces. 
Therefore, the adhesion force between a tiny particle 
and a solid surface F is 

hr        hö2 

F = 7 + r- (1) 

where r, h, 8 and z are the particle radius, the 
material-dependent Liftshitz-Van der Waals constant, 
the radius of the adhesion surface area and the atomic 
separation between the particle and surface. Typical 
values of h range from a low value of - 0.6 eV for 
polymer/polymer interaction to a large value of ~ 9.0 
eV for gold/gold interaction. For Van der Waals- 
bonded crystals, the atomic separation z is 
approximately 4 angstroms.1,2 

Due to the short pulse laser irradiation, there is a 
rapid increased in temperature of a particle and/or 
substrate. This increased in temperature will 
indirectly generate a cleaning force. The cleaning 
force per unit area/ is 16"20 

/= yEAT (2) 

where y   and E are the linear thermal expansion 
coefficient and the elastic modulus of   the particle 

and/or substrate, respectively. The AT is   temperature 
rise of the particle and/or substrate. 

Since cleaning forces induced by laser irradiation 
depend on temperature distribution in a substrate or a 
particle, it is needed to know the temperature 
distribution in order to calculate the cleaning force. 
When a pulsed laser irradiates a substrate surface, the 
temperature distribution in the substrate can be 
described by the one-dimensional heat equation. The 
temperature at any point inside the substrate T(x,t) is a 
function of depth below the substrate surface x and time 
t, and is governed by the one-dimensional heat equation 
21,22 

pc 
dT(x,t) 

dt 

k —n^ifl + (i _ R)al0 exp(-ax) (3) 

where p, c, K, R, a and 70 are density, specific heat, 
thermal conductivity, reflectivity, absorption coefficient 
of the substrate material and laser intensity on the 
substrate surface, respectively. 

If the cleaning force (per unit area) exceeds the 
adhesion force (per unit area), the particle may be 
detached from the substrate surface. Therefore, the 
cleaning condition will be cleaning force (per unit area) 
larger than the adhesion force (per unit area).The 
particle removal condition can be also derived from the 
viewpoint of energy is23'25 

mE -[ls-AT)+LPo]i UxVpAT)2 

ISO-*") 2    3 dt' 

AR 
>Fs[Ls-m + LPo]+— 

6£0 

(4) 

where R, E, a and p are the radius, elastic modulus, 
Poisson coefficient and density of a particle, 
respectively. And Ls, Lp0, f(t), x, Fs, A and eo are the 
maximum expansion, the initial deformation parameter, 
particle dislocation function, laser pulse duration, , the 
total surface adhesion force, the Hamaker constant and 
the least distance between a particle surface and a 
substrate surface, respectively. The first item in the left 
side of above equation is the elastic deformation 
potential energy after irradiation, the second item in the 
left side is the kinetic energy of the particle. The first 
item of the right side of above equation is the work of 
adhesion   force   while   the   particle   recovers   from 
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deformation at time instant T to "point contact", the 
second item of the right side is the adhesion energy of 
"point contact". 
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Fig. 6 The peak cleaning force (a), ejecting energy (b) 
and cleaning efficiency (c) at different laser fluences. 

If we define ejecting energy Ej as the left part of Eq. 
4 subtracting the right part, the particle removal 
condition can be expressed as 

Ej   > 0 (5). 

Figure 6 shows the peak cleaning force, ejecting 
energy and cleaning efficiency at different laser 
fluences. It indicates that both peak cleaning force and 
ejecting energy increase with increasing laser fluence. 
The theoretical cleaning thresholds predicted by the 
cleaning models from the viewpoint of force and energy 

are 10 and 20 mJ/cm^, respectively. The experimental 

threshold as shown in Fig. 1(c) is about 16 mJ/cm^, 
which is close to theoretical thresholds. Therefore, the 
experimental results can be explained and predicted by 
theoretical analyses. 

3.1.2 Steam laser cleaning 

For a wet system, a capillary force and Van der 
Waals force will act to hold a tiny particle. The 
adhesion force between a tiny particle and a solid 
surface F is 1-3 

F = r- + T + 4Kjr (6) 

where yis the liquid surface tension. 

For laser with enough intensity irradiating on a 
solid surface coated by non-absorption liquid film, a 
sheet of liquid near the liquid/substrate interface can be 
superheated through thermal diffusion. According to 
energy conservation, the pressure of stress wave at the 
vapor/liquid interface is26"27 

P = [2pc(pv-^)v/)]X (7) 

where p, c, Pv, P«,, v and f are the liquid density, 
transmit speed, vapor pressure inside the bubble, 
ambient liquid pressure, expansion velocity and volume 
fraction of vapor, respectively. The cleaning force 
caused by this pressure can be obtained by Eq. (7). The 
threshold of laser cleaning is defined as the laser fluence 
at which the cleaning force is equal to the adhesion 
force. 

Figure 7(a) shows the cleaning force at different 
laser fluences together with the adhesion force. It 
indicates that the cleaning force increases with an 
increase   of laser  fluence   and  theoretical   cleaning 

threshold is 27.5 mJ/cm^ for removal of 1 |Jm alumina 
particles from IPA coated NiP surface. Figure 2(b) 
shows laser fluence dependence of cleaning efficiency 
for removal of 1 (im alumina particles from NiP surface 
coated with IPA film. It is found that the cleaning 

threshold is about 30mJ/cm   and the cleaning efficiency 
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increases rapidly with laser fluence, which are close 
to theoretical analyses. 
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Fig. 7 The cleaning forces (a) and cleaning efficiency 
(b) as a function of laser fluence. 

3.2 Applications in disk drives 

In a hard disk drive, head flying-height has been 
continually reduced to increase the recording density. 
At present the flying height is about or below 0.1 ^m, 
this implies that even submicron particles can damage 
both the slider and disk surfaces, hence lead to failure 
of the disk drive system. Thus, the cleanliness of disk 
and slider surfaces becomes very critical. Above 
discussions indicate laser cleaning being an efficient 
cleaning method for removal of particles from solid 
surfaces. The following shows that laser cleaning can 
be used in hard disk drive industry. Figures 4 shows 
optical micrographs of laser cleaning of magnetic 
sliders. It was found that paniculate contaminants on 
slider surfaces have been efficiently removed by laser 
cleaning. 

Figure 9 shows AFM profiles of disk surface with 
and without laser cleaning. Comparing both AFM 
profiles at the uncleaned and the cleaned areas, it is 
clear that laser irradiation can efficiently remove 
submicron particles from the disk surface. For example, 
the particles with only 0.2 u.m in radius observed from 
the AFM profile have been removed by laser cleaning. 

Before laser cleaning 

After laser cleaning 

Fig. 8 The optical micrographs of laser cleaning of 
magnetic sliders. 

■■■■' ■■ ••■     U-? -^:vV'"'.. ,•'•* 

Fig. 9 AFM profiles of the disk surface at the uncleaned 
area and the cleaned area at a laser fluence of 150 
mJ/cm2, a pulse number of 100 and a repetition rate of 
10 Hz. 

4. Monitoring of laser cleaning 

For laser-induced removal of film-type 
contaminants from solid surfaces, an acoustic wave will 
be generated due to laser ablation of contamination. The 
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acoustic wave generated is consisted of ultrasonic and 
sonic components. With a microphone nearby, the 
acoustic waves can be detected. Figure 10 shows 
acoustic waves captured during KrF excimer laser 
irradiation of IC mould at laser fluence of 400 
mJ/cm2. The signals were recorded at the 1st, 5th and 
10th pulses of the laser irradiation. Microphone was 
placed about 25 cm away from laser spot on the 
substrate. It is found that surface texture did not 
change during the laser cleaning while contamination 
on the surface was completely removed as shown in 
Fig. 3. It can also be observed from Fig. 10 that the 
acoustic waves reduce gradually with pulse number 
and finally disappear after ten pulses. Since variation 
of the acoustic waves is closely related to the 
contamination levels on substrate surfaces, the 
acoustic wave detection can be applied to monitor the 
laser cleaning in real time. The signal peak-to-peak 
amplitude can be selected as a characteristic 
parameter to correlate with cleaning efficiency. 
Acoustic wave detection is a sensitive signal 
diagnostic technique, which can reflect removal of 
contamination in a thin layer of nanometers.28"29 

E < 

 ■ 1 1 1 ■  
Acoustic wave at 400 m J/cm2 10 pulses 

5 pulses 

1 pulse 

_i_ 

0.0000 0.0005 0.0010 
Time (s) 

0.0015 

Fig. 10 Acoustic waves recorded during laser cleaning 
of IC mould surfaces at 400 J/cm2. 

Laser ablation of contamination materials is one 
of the important mechanisms for laser cleaning. Since 
threshold fluence for organic contamination ablation 
is much lower than that for solid substrates. With a 
proper selection of laser parameters, organic 
contamination can be removed without damage of 
substrate surface. During laser cleaning of the 
contamination, plasma is generated above the 
substrate surface. As the cleaning continues, 
concentration of surface contamination reduces 
gradually. The plasma becomes smaller and finally 

vanishes when all the contamination is removed. Plasma 
consists of charged and neutral particles. From classical 
electrodynamics, fast moving charged particles emit out 
an electric field. With a tiny metal probe nearby, an 
electric signal can be detected. Variation of the electric 
signal reflects dynamics of the laser cleaning in real 
time. Figure 11 shows the electric signals detected 
during the excimer laser cleaning of grease 
contamination on a copper substrate. Laser fluence was 
0.54 J/cm2. It is much lower than ablation threshold for 

copper substrate 1.3 J/cm2. There is no substrate 
ablation during the surface cleaning. Probe distance was 
set as 2.5 mm. The electric signals were recorded at 
pulse numbers of 1, 2, 3, 4, 5, 10, 50 and 100, 
respectively. It is clear that there is a nanosecond 
negative peak in the electric signal. As pulse number 
increases, both the peak amplitude and width reduce 
gradually. It implies that charged particle emission 
decreases as the cleaning proceeds. The electric signal 
vanishes completely after fifty pulses. Microscopy 
observation of the substrate surface after the laser 
processing shows that the organic rrmtamination on the 
substrate has been completely ren It is clear that 
the signal variation is closely related to the laser 
cleaning process. Therefore, the electric signal detection 
of plasma-induced electric field can also be applied to 
control the laser cleaning in real time.30 

Cu 
248 nm, 23 ns 
Contamination: Grease 
Probe Distance: 2.5 mm 

Laser Fluence: 0.54 J/cm 

Fig. 11 Electric signals detected during the excimer 
laser cleaning of grease contamination from copper 
substrate for a laser fluence of 0.54 J/cm2 and pulse 
numbers from 1 to 100. 

As mentioned above, the mechanism of laser- 
induced removal of organic contaminants is direct laser 
ablation of the contaminants, relying on the 
photochemical and photophysical properties of the 
organic contaminants and the physical properties of the 
substrates. Since laser ablation of contaminants will 
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result in an acoustic wave, hence acoustic wave can be 
used to monitor the laser cleaning process of organic 
contaminants. However, laser cleaning of particulate 
contaminants cannot be monitored by acoustic wave 
generation, as laser cleaning of particles does not 
involve laser ablation of contaminants. Therefore, 
there is a need to find an alternative method to 
monitor the laser cleaning process of particulate 
contaminants. We found that a laser based airborne 
particle counter is able to detect particles that are 
being ejected from the substrate surfaces upon 
irradiation of laser. 

5. Future efforts and barriers 

Laser cleaning has the potential for very wide 
applications. On can easily consider the applications 
for cleaning package covers; flexible circuits; paint, 
oil and grease from metals; printed circuit board 
(PCB) and lead wires of electronic components; 
magnetic heads and slider surfaces; magnetic media 
surface; semiconductor wafer and IC circuits; deflash 
of IC packages; glass surfaces for optical applications 
(lenses, CD-ROM ), glass surfaces for display 
applications; window glass for high building; medical 
equipment. 

Technically, laser cleaning is feasible for most 
industrial applications. There are a few factors, 
however, limit the commercialization of this 
technology. Usefully, laser equipment are expensive, 
especially for those with UV lasers and optics. High 
initial investment for laser cleaning to replace 
conventional one is required. Consumables such as 
laser gas and flash lamps add on the operation costs. 
Therefore, much effort is required to reduce the cost 
of the lasers and equipment and to find applications 
with reasonably high value-added. Besides economic 
issues of laser cleaning, in-depth understanding of 
laser-material interactions is essential. Since laser 
irradiation induces photothermal and photochemical 
reactions on the surface. Some side effects, such as 
thermal damage and photochemical decomposition on 
substrate surface, need to be avoided. Although high 
laser fluence usually increases cleaning efficiency, it 
can also cause surface damages on the substrate. 
Much effect is required to find a balance between high 
cleaning efficiency and low side effects. 

Laser cleaning still faces limitation to clean large 
substrate with high speed. Most lasers have limited 
laser power and beam spot size. In order to clean a 
large surface, the laser beam must be scanned over the 

surface. It is therefore surface consuming and limiting 
the throughput of the cleaning process. Safety is also a 
concern in laser cleaning. Laser gases, laser light and 
cleaning products are potential hazardous in the 
production environment. Further study is required to 
make sure all these hazardous can be under control. 

Design of laser Optics is also of great importance in 
laser cleaning. For example, excimer laser has very 
complicated modes in the laser beam. The propagation 
of excimer laser beam is difficult control. The beam 
profile is changing with the propagation distance. The 
beam profile also depends on individual lasers. Beam 
homogenizer is commonly used in industrial 
applications with a drawback of large energy loss. Better 
optics design is required to achieve good homogenity 
and low energy loss. 

6. Conclusions 

Dry and steam laser cleaning was demonstrated to 
be an efficient cleaning tool for removing particles and 
thin film contaminants from solid surfaces both 
theoretically and experimentally. Cleaning models were 
established for laser-induced removal of particles from 
solid surfaces by taking adhesion forces and cleaning 
force into account both for dry and steam laser cleaning. 
Laser cleaning forces are induced by fast thermal 
expansion of particles and/or solid surfaces irradiated by 
laser for dry laser cleaning and by evaporating liquid 
film heated by laser irradiation for steam laser cleaning, 
respectively. With increasing laser fluence, the 
difference between the cleaning force and the adhesion 
force increases, resulting in easier removal of particles 
from substrate surfaces or a higher cleaning efficiency. 
Comparing theoretical and experimental thresholds, the 
same trends for both theoretical and experimental 
cleaning thresholds were observed. The theoretical 
cleaning thresholds are quite close to those of the 
experimental cleaning thresholds. Therefore, the 
theoretical analysis can successfully predict and explain 
the experimental results. The mechanism of laser- 
induced removal of organic contaminants is laser photo- 
ablation and thermal-ablation. The film-type 
contaminants on IC package, IC mould, Printed Circuit 
Board and flexible circuit can be effectively removed by 
laser cleaning. Laser cleaning process can be monitored 
by acoustic wave, electric field signal and particle 
counter. 
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Laser Processes for Precise Microfabrication of Magnetic 
Disk-Drive Components 

Andrew C. TAM 
IBM Corp., Almaden Research Center 

650 Harry Rd, San Jose, CA 95120-6099 

The technique of laser micro-processing has recently found several important and widespread applications in the 
manufacturing of disk-drive components. Examples provided here include the cleaning of surface contaminants, the 
formation of "nano-bumps" on disk surfaces for controlled surface texturing or for making glide height standards, and 
the micro-bending of magnetic head sliders for flight-height controls. Short-pulsed laser irradiation at suitable 
wavelength, fluence,. and incidence direction can be used to clean off paniculate and organic-film contaminants from 
surfaces of critical components, for example, the slider and the disk. Controlled disk texturing is needed to alleviate 
the problem of "stiction" which occurs when the disk stop spinning and the super smooth slider comes into stationary 
contact with the super smooth disk. A compact laser operating at high pulse repetition rate can be used to produce a 
low-stiction racetrack composed of typically a million nano-bumps. This can be done both for NiP/aluminum disks, or 
for glass disks. Single isolated bump with a specified height for providing height-standard can also be tailor-made. 
Very recently, we have developed a "laser curvature adjust technique" and implemented it into production of magnetic 
head sliders. Here, microscopic adjustments of the curvature of air bearing surface of sliders can be produced by 
suitable laser scribing at the back side of the ceramic slider. 

Keywords: Laser cleaning, Laser texturing, Laser micro-bending. Disk-drive manufacturing 

1. Introduction 

Data-storage density in disk-drives continues to increase 
dramatically, now doubling every year. The present data 
density in production disk-drives (mid-2000) is 1.5 x 1010 

per sq-inch, corresponding to a data-bit size of typically 
800 x 50 nm. Such unprecedented rapid technology 
advances pose many manufacturing challenges, 
sometimes solvable only by developing new 
manufacturing processes. To enable the data-density 
increase, the read-write sensors on the magnetic head 
slider must fly closer and closer to the disk in order to 
write and read smaller data bits. The so-called "fly 
height" is currently at about 20 nm and decreasing. 
Hence, surface cleanliness is very important, the disk 
surface as well as the slider Air-Bearing Surface (ABS) 
facing the disk must be extremely smooth, and the slider 
ABS curvature must be painstakingly controlled as this 
affects the fly height. This situation continues to open up 
needs for new manufacturing processes, providing new 
opportunities for laser micro-processes based on selective 
pulsed localized heating. 

The interest in adopting laser materials processing in 
hi-tech manufacturing is enhanced by the fast advances in 

"industrial" laser sources, particularly, the diode-pumped 
Nd-doped solid-state lasers. These compact, "turnkey" 
lasers provide high repetition rate, high reliability, and 
good beam-quality. As cost continues to drop for these 
solid-state laser sources, both for the fundamental output 
in the infrared (IR) and harmonic outputs in the green or 
ultraviolet (UV), more manufacturing applications will 
surely continue to arise. The energy per pulse is typically 
10 }jj or less. However, the good beam quality permits 
tight focussing, producing optical energy density or 
fluence at the focussed spot up to several Joule per sq-cm. 
Since thermal diffusion is very limited because of the 
short pulse width, typically tens of nsec, the incident laser 
fluence is adequate to cause a variety of localized surface 
modifications. Hence, such a high pulse-repetition-rate 
laser is ideally suitable for materials processing using the 
"moving spot" process. 

Some examples of recent applications of laser 
processing in the disk drive manufacturing is given here, 
in order of increasing fluence: laser cleaning at low 
fluence (typically 0.1 J/cm2), laser texturing and bump 
formation on metal or glass surfaces at intermediate 
fluence (typically 1 J/cm2), and laser micro-bending of 
ceramics at high fluence (typically >2 J/cm2). 
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2. Laser Cleaning of Surface Contaminants 
Laser cleaning has been of interest for over ten years in 

the micro-electronics and data-storage industry for the 
removal of sub-micron particulates and organic 
contaminant films, especially for cases where 
conventional cleaning means are inadequate. We have 
developed laser cleaning (LC) processes based on the use 
of short-pulsed UV laser irradiation. The laser source can 
be an excimer laser, or a harmonic Nd:YAG laser. 
Various mechanisms for the action of removal of particles 
and film-contaminants from surfaces are possible, and 
these can generally be categorized into "dry LC" and 
"steam LC" process types. Dry LC operates in the absence 
of any liquid film on the surface; its cleaning action can 
be based on thermo-acoustic shock, photothermal bond 
breaking, thermal vaporization, or gas breakdown and 
plasma effects. Steam LC operates in the presence of a 
micron-thick liquid film condensed onto the surface just 
before the pulsed laser irradiation. Its cleaning 
mechanism is based on the explosive vaporization of the 
liquid film. We have developed practical tooling for 
industrial application of LC [1], and have studied the 
physical basis for the removal of microscopic particles 
from the surface [2]. 

Steam Laser Cleaning is a powerful technique for the 
removal of submicron particulates, requiring significantly 
lower laser fluence for the cleaning action compared to 
dry LC. A liquid film of micron thickness is explosively 
vaporized (EV) to boost the paniculate removal. EV 
occurs because of the rapid superheating of the liquid 
film, made possible when short-pulsed laser of duration 
on the order of 10 nsec is used. The laser heating can be 
due to strong substrate absorption only, strong film 
absorption only, or partial absorption by the substrate and 
by the film. The case of strong substrate absorption 
(caused by UV laser for many materials) is of special 
interest, since this produces the strongest pressure 
transients at the liquid/solid interface (where it is most 
effective for the removal of surface particles), and hence 
provides effective cleaning for a wide variety of particles, 
whether absorbing or not. An inclined angle of incidence 
onto the surface produces better LC results compared to 
normal incidence [3]. The reasons include: (1) The 
inclined irradiation can more readily reach the 
particle/solid interface and also heat up the sides of the 
particles, producing a more desirable location of the 
transient heating and pressure surge for the particle 
ejection. (2) The effective fluence on the background 
surface is reduced by a "cosine" factor, resulting in less 
likelihood of surface damage. 

For the general case of surface contaminants composed 
of a variety of organics and particulates, we have found 
that a combination of steam LC and dry LC is usually 
most effective for the best cleaning action. A few cycles of 
steam LC and dry LC (done with various incident angles) 
may be necessary, and the laser fluence must be carefully 
controlled to avoid substrate damage but yet produce the 
cleaning effect. Based on these considerations, we have 
designed and constructed a practical LC tool [1] for 
cleaning delicate disk-drive components like magnetic 
head sliders and disks. This LC tool provides several 
important features: choice of dry LC and/or steam LC, 
capability to translate and rotate the part being cleaned, 
controlling the laser beam shape, incident direction, and 
fluence, and fast scanning of the laser beam by a galvo 
mirror. A "LC cycle" is defined here as a full area 
scanning of the sample done by fast galvo scanning of the 
laser spot in one direction as the sample is translated 
slowly in the perpendicular direction; the laser pulse 
repetition rate must be sufficiently fast to permit adequate 
pulse-to-pulse overlap. If a vapor (usually water mixed 
with a little isopropanol to enhance wetting) is made to 
condense on the surface in between laser pulses, it is 
called a "steam LC cycle". Otherwise, it is a "dry LC 
cycle". 

We have performed experiments on the effectiveness of 
the LC tool [1] using 248 nm UV laser irradiation 
typically at a laser fluence of 110 mJ/cm2 and incidence 
angle of about 50 degrees. For paniculate contamination, 
for example, l-(im sized alumina particles on a polished 
chromium surface, we observed that a few steam LC 
cycles followed by a few dry LC cycles produce the best 
results, usually complete removal of all particulates. 
However, if only dry LC cycles are used, only incomplete 
cleaning is produced. These results confirm earlier 
observation [4] that micrometer-sized particles are much 
more readily removed by steam LC rather than dry LC 
under the same irradiation conditions. On the other hand, 
organic films or smears are effectively removed either by 
dry LC or by steam LC when the UV laser photon can 
cause photochemical decomposition of the film materials. 
While steam LC cycles alone can produce good LC action 
for particles, we usually prefer at least 1 dry LC cycle at 
the end to ensure that any organic contaminants, however 
small in amount, condensed onto the surface during the 
steam LC cycles are removed in the final cycle. Hence, 
the LC tool is usually operated with the use of steam LC 
cycles followed by dry LC cycles at various incidence 
angles, using suitable fluences as appropriate for each 
cleaning situation. 
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3. Laser micro-melting to produce nano-bumps 
The disk surface and the slider ABS that "flies" on the 

disk must have smoothness on the order of 1 nm or better, 
in order to support very high density recording, with 
magnetic bit length being 50 nm and shrinking. However, 
supersmooth surfaces tend to stick together when they 
come into resting contact (when power is turned off and 
the slider is permitted to rest on the disk near the inner 
diameter). In this case, the slider can stick onto the disk 
with strong adhesion force at longer resting times, 
especially in the presence of lubricant or other organic 
films on the surface. This can cause significant damages 
when the disk is made to start to spin again. This is the 
problem of "stiction", which can be solved by producing a 
racetrack near the inner diameter with highly controlled 
roughness for the landing and take-off of the slider. The 
roughness must be enough to overcome stiction, but not 
excessive because this will cause too much wear and tear 
during slider landing and take-off. We discovered that a 
compact laser source operating at high pulse repetition 
rate of over 100 kHz is ideally suited to produce the 
"laser-textured landing zone" required to alleviate the 
stiction problem in contact start/stop disk-drives. This 
technique of forming the contact start/stop (CSS) zone on 
the disk is called "Laser Zone Texturing" [5,6], first put 
in production in 1994, and is now an industry standard. 

There are 2 kinds of disk substrates in common use. 
One is a Nickel-Phosphorous (NiP) plated aluminum 
substrate, and the other is aluminosilicate glass substrate. 
The NiP is an amorphous metal film of thickness about 
10 um, and its surface is easily polishable to an 
ultra-smooth finish. NiP disk substrates are commonly 
used in server and desktop disk drives. Glass substrates 
are even more polishable to ultra-smoothness, and are 
commonly used in mobile drives. 

We have found that ultra-smooth bumps of diameter 
ranging from 0.05 mm to 0.002 mm, and of bump height 
from tens of nm down to a few nm, can be produced on 
NiP by focussed pulsed laser heating. A diode-pumped 
Nd:vanadate laser operating at or above 100 kHz pulse 
repetition rate, with pulse energy on the order of a few uJ, 
is ideal for such an application. Since the laser pulse 
width is short, typically tens of ns, each pulse produce an 
isolated heated spot on the amorphous NiP coating. The 
laser fluence is adjusted such that the heated and molten 
NiP pool has the proper diameter and surface tension 
gradient such that there is slight lateral flow of liquefied 
NiP before it solidifies again, producing the permanent 
bump on the disk surface without any volume gain. 

By rotating and translating the disk while the pulsed 
laser beam is shuttered on, an array of bumps located in 
an annulus is produced in a few seconds. The total 
number and locations of the bumps can be controlled 
precisely. This bumps are typically spaced a few tens of 
nm apart. This bump array forms the CSS zone as a 
narrow racetrack near the ID of the disk. The magnetic 
head slider can rest on hundreds of such bumps on the 
CSS zone instead of on the supersmooth disk surface, 
thus reducing drastically the stiction force between the 
slider and the disk surface. This laser texturing technique 
is clean, solvent-free, precise, economical, and much 
better than conventional abrasive-texturing techniques,, 
and is now widely adopted in the industry. The process 
reproducibility is impressive, as all the bumps on a disk, 
and from disk to disk, can be "tuned" to specific heights 
with reproducibility within a fraction of a nm (one 
standard deviation). Up to date, about a billion disks have 
been laser-textured worldwide, with each disk having 
close to a million bumps. 

Single bumps for "height standards" in the range of a 
few nm to hundreds of nm can also be made [7]. Height 
standards are needed in various micro-mechanical device 
fabrications. For the disk-drive industry, standard 
protrusions or bumps on a "reference disk" is needed to 
calibrate the fly height of magnetic head sliders. Such 
calibration bumps were conventionally made by some 
kind of deposition technique. The laser-melting method 
we developed for texturing can be used or adapted for 
making calibrated single bumps. If a single laser pulse as 
used in the texturing is used, a single bump of the same 
height is obtained. A more flexible method is a 
"multi-pulse bump buildup" technique whereby a lower 
fluence is used, and the bump height is built up by 
repeated pulsing at the same location till the desired 
bump height is reached. By careful control of the fluence, 
bump height can be increased at about 1 nm/pulse. 

We have also shown [8, 9] that ultrasmooth glass disk 
surface can also be textured. Here, the microscopic spot 
heating to form the bumps are done using microsecond 
pulses obtained by acousto-optic modulation of a 
stabilized waveguide carbon dioxide laser. This pulse 
train is focussed onto a moving glass disk and produces 
up to a million bumps in a few seconds to provide the 
textured landing zone. Bump heights in the range of a 
few nm to a hundred nm can be made. Bump formation 
here is due to localized softening and expansion of the 
glass, rather than lateral flows as in the NiP case. There 
is a positive volume gain in the glass bump formation. 
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4. Laser Curvature Adjust Technique 
The fly height of the magnetic head slider on the disk 

surface is established by dynamic equilibrium between the 
downward loading force from the slider suspension and 
the uplifting force from the air bearing generated between 
the disk and the flying slider. The curvature (crown) of 
the slider air bearing surface (ABS) is an important 
parameter that determines the uplifting force, so slider 
curvature control has become very important as fly height 
continues to be reduced. The "crown" of a slider is 
defined as the maximum separation between the 
cylindrical fit to the ABS and the imaginary flat plane 
defined by the leading and trailing edges of the slider. 
Typical crown values are measured in nm, while the 
slider size is about 1 mm x 1 mm, so the slider crown is 
truly microscopic, but yet it is important to control the 
crown values. Crown varies from slider to slider because 
of variations in the surface stresses from slider to slider. 
What we observed was that surface stress can be modified 
by scanning a focussed pulsed laser beam on the slider 
back side (opposite to the ABS), producing a line or track 
of microscopic surface-modification or ablation of the 
ceramic material. This laser-scribed line causes a 
reduction of the compressive stress on the surface, thus 
causing the ABS to become more convex, i.e., increase in 
crown. The most interesting fact is that by proper laser 
scribing a line, composed of overlapping spots about 20 
(j.m in diameter on the back side, we can produce a crown 
change of typically 1 nm at the ABS. Interestingly, this 
provides exactly the proper magnitude of crown control 
that is needed. 

We have designed and implemented in manufacturing 
the Laser Curvature Adjust Technique (LCAT) tool [10]. 
As in the technique of laser zone texturing for NiP disks, 
we utilize a Nd:vanadate Q-switched laser operating at 
100 kHz or above as the laser source for scribing marks 
or lines on the back side of the sliders. The laser pulse 
energy is on the order of 10 uJ, and the pulse duration on 
the order of 100 nsec. The short pulse duration is needed 
in order to limit thermal diffusion, i.e., although the peak 
temperature at the irradiated spot is sufficiently high to 
cause melting or ablation of the ceramic material, it is 
much lower just some tens of micrometers away in order 
that the read/write elements are not damaged. The Nd: 
Vanadate laser beam passes through proper shutters, 
attenuator, and beam-shaper to provide the proper beam 
diameter, and is then directed to a 2-dimensional 
scanning galvo mirror. A large-field scan lens is 
positioned one focal length away from the galvo mirror to 
provide telecentric scanning of the scribing beam at the 

back side of the sliders. An optical monitor is used at the 
slider ABS to monitor the crown before and after a first 
installment of laser scribing is done. The optical monitor 
is based on the measurement of the degree of 
convergence or divergence of probe laser beams reflected 
from the ABS. A convex surface (positive crown) 
produces divergence in the reflected beams, while a 
concave surface (negative crown) produces convergence 
in the reflected beams. We use the optical monitor to 
control the total number of laser scribed lines on the back 
side of the slider, such that the desired target crown 
value is reached for each slider. Using this "close-loop 
control" LCAT process, many millions of sliders have 
been manufactured with crown controls within a few nm. 

5. Conclusions 
Several new applications of pulsed laser 

micro-processing have been developed for the 
manufacturing of disk drive components. Matured 
applications that have been extensively implemented in 
the industry include the laser zone texturing technique, 
the production of standard calibration bumps, and the 
fine tuning of slider curvatures using the LCAT process. 
One reason for the successful reception of the new laser 
processing techniques is that compact, efficient, low-cost, 
and turn-key laser systems (particularly the 
diode-pumped solid-state lasers with fundamental or 
harmonic outputs) have become available in the past few 
years, providing reliable low-cost solutions for laser 
micro-processing. Another reason is that new 
requirements (e.g., smaller dimensions, cleaner devices, 
tighter clearances) for component continue to arise as the 
technology moves so rapidly, opening up new 
opportunities for laser micro-processing. 
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Optical Radiation Pressure Micromachining Using a Small Particle 
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This paper presents a new micro-machining using optical radiation pressure induced by incident laser 
light, which is based on laser trapping technology. In order to verify the feasibility of our proposed new 
micro-machining, we construct the experimental system and carry out the fundamental experiments. As 
a result, we found that the proposed micro-machining will make it possible to remove effectively the 
surface up to the depth of several nm using the particles trapped by the optical radiation pressure, even if 
the pressure force is as small as O.lnN. 

Keywords: micromachining, laser trapping, optical radiation pressure mechanochemical polishing, 
diamond grain 

l.Concept of optical radiation pressure micro-machining 

Nowadays, there are many micro-machining processes, for 
example, fine electro-discharge machining1'1, micro-lathe 
machining121 and the application processes of semiconductor 
technology such as photo-lithography131, etching, etc.. But, these 
micro-machining processes can't satisfy all the requirements 
in production of the micro-machine parts. 

So, we proposed a new micro-machining using optical 
radiation pressure. The concept of proposed micro-machining 
is as follows: When the laser light focused by the objective 
lens is irradiated to the small dielectric particle such as spherical 
silica, the incident laser light induces the radiation pressure 
force on the small dielectric particle. It is known as laser- 
trapping technology1"1151, the particle is dynamically trapped 
and manipulated by the optical radiation pressure force. The 
trapping force is considered to be as small as pN to nN of less 
than atomic force. 

As shown in Fig. 1, if the laser trapped particle is moved, 
rotated or oscillated by the optical radiation pressure, the micro- 
machining which removes the amount of atomic order, namely 
the depth of cut is as small as several nano meter, will be able 
to be performed. 

2.Experimental method 

2.1Experimental system and procedure 
In order to verify the feasibility of our proposed micro- 

machining, the fundamental experiments are carried out 
according to the following experimental method. 

Laser Beam 

Obj ective 

§="= Vibration 

Fig 1 Concept of optical radiation pressure micro-machining 
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Fig 2 Schematic diagram of optical radiation pressure 

micro-machining system 

Fig.2 shows the experimental system for performing the 
optical radiation pressure micro-machining. This system 
consists of laser trapping unit and microscopic observation 
unit. The Ar+ laser ( X = 488 mm ) is used as trapping laser 
source and this laser beam is focused by the objective lens of 
which NA is 0.55. The detail around the workpiece in the 
experimental system is shown in the magnification of A in the 
Fig. 2 . 

The workpiece is placed on the slide glass. The solution of 
KOH is used as machining fluid, which is filled between the 
slide glass and the cover glass to promote the chemical action. 
The machining particle in this solution are dispersed over the 
workpiece surface. One of the particles is trapped by the 
incident laser focused on the workpiece. 
The trapping force induced by incident laser are predicted in 

the order of pN to nN from the results of our simulation of the 
trapping force for the spherical object shape. 
In this experiment, the machining particle is trapped in stable 

position and the workpiece put on the slide grass is moved by 

* 
%-.     10 fi m 

■pi 

*r. 
Path of 

trapped particle 

Diamond grain 

Positioning marker 
(3 points) 

Fig 3 Experimental view of rotating diamond grain 

the piezo actuator: thus relative movement between particle 
and workpiece is realized. By using computer controlled piezo 
XYZ stage, It makes a particle moving repeatedly with a 
constant path on the workpiece. The trapped particle, its 
movement, and operation of this experiment are directly 
observed by the microscopic unit of which magnification is 
600 X on CCD and recorded by VTR. 

Fig. 3 shows the view of machining experiment obtained by 
CCD camera. Irregular shape object placed upper position is a 
laser trapped diamond grain. Diamond grain is given not only 
relative movement to silicon wafer but rotating movement. 

2.2 Experimental conditions 
We used the silicon wafer as a workpiece. As a machining 

tool, one is irregular shaped diamond grains whose size are 
about 1 to 10 u.m and the other is spherical silica particles 
whose diameter are 5u.m. 

Table 1 Experimental condition 

non-rotating        rotating 
diamond grain      diamond grain 

silica sphere 

Size of particle 6.5X3.0um 6.0X2.5um 5.0(im (diameter) 

Number of trace 200 times 50 times 100 times 

Traverse speed 14.5p.m/s 4.4nm/s 14.5nm/s 

workpiece silicon wafer silicon wafer hydrocarbon film 

trapping laser Ar   laser X=488nm 
lOOmW (objective lens output) 

Machining fluid solution of KOH (pHll) 
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(a) AFM observation image of workpiece surface 

(b) Profile of A-B cross-section 

Fig 4 Experimental results for the case of 

non-rotating diamond grain 

Laser power is lOOmW at the output side of objective lens 
and laser spot size is about 4(Xm diameter at the beam waist. 
The beam waist position is adjusted at a few microns near the 
workpiece surface, in order to induce the trapping force 
pressing the particle against the workpiece surface. 
Details of the experimental conditions are shown in Table 1. 

3. Experimental results and Discussion 

First, we verified the motion controllability of laser trapped 
particles. As a result, the diamond grain with non-spherical 
irregular shape is not easily trapped with stability comparing 
with the spherical particles, however, some of the irregular 
shape particles are stably trapped and rotated. It is considered 
that the non-spherical and asymmetrical particles shape causes 
its rotation. The rotation ratio is up to 300r.p.m. at high speed. 
Next, we performed the machining experiments . Fig.4 and 

Fig.5 show the machining experimental results obtained by 
AFM observation for the case of non-rotationg diamond grain 
and rotating diamond grain respectively. 

10.00 um 30.00 x 30.00 pm 

(a) AFM observation image of workpiece surface 

[nm] 
4.0 

0.0 
"W1 

6.53[^ m] 
(b) Profile of A-B cross-section 

Fig 5 Experimental results for the case of 

rotating diamond grain 

The rectangular bright parts in Fig.4(a) and Fig.5(a) mean 
positioning markers which allow us to find the machining areas 
and the moving traces of the machining particles. The traces 
which look like hook are observed nearby the markers in both 
Fig.4(a) and Fig5(a). The positions and the shapes of those 
traces conform to moving path of the particles. This fact shows 
that the trapped particle's movement fabricates those traces on 
the surface of silicon wafers. In non-rotation case, the particle 
is trapped and moved with keeping long side of 6.5uMn 
horizontally. So it is predicted that the width of latelal side of 
the trace is differ from longitudinal side. In practice, the width 
of trace is about 3(xm in lateral side and about 5 um in 
longitudinal side respectively. This fact shows that the shape 
of grain is closely related to the shape of machining trace. 
While, in rotation case, the width of trace is almost same value 
of 4um in both lateral and longitudinal sides, the trace width 
is seen to be equal to the average grain diameter. 

The cross-sections of the traces are shown in Fig.4(b) and 
Fig.5(b). The groove depths are very small to be about 1 ~ 2 
nm and 3 ~ 4 nm respectively . The groove in rotation case is 
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4. Conclusions 

We proposed a new micro-machining technology based on 
laser trapping. In order to verify the feasibility of our proposed 
method, we performed the fundamental experiment. The results 
obtained in this paper are summarized as follows: 

(1) The laser trapping force which is as small as 0.1 nN enables 
stably trapping of the spherical particle. Furthermore, that force 
enables not only to stably trap the rotating diamond grain but 
also to freely control the position of the rotating grain. 

(2) By traversing the laser trapped particles such as a diamond 
grain on the silicon wafer and a silica sphere on the 
hydrocarbon film, we observed the grain trace with the depth 
of several nano meter by the use of AFM. This fact suggests 
the feasibility of the optical radiation pressure micro- 
machining. 

fnmj: 

4.43 iMm] 

(b) Profile of A-B cross-section 

Fig 6 Experimental results for the case of silica sphere 

about twice as deep as that in non-rotation case, in spite of 
smaller number of trace and lower traverse speed. This result 
suggest that rotationg diamond grain is more efficient than 
non-rotating diamond garin in our proposed micro-machining 
method. 

Next, we carry out the machining experiment using a silica 
sphere as machining tool and hydrocarbon film as workpiece 
surface. Hydrocarbon film as thick as lOOnm is formed on the 
silicon wafer by the irradiation of electron beam and will be 
able to easily machined due to the lower hardness. Fig. 6 shows 
the results of machining experiment obtained by AFM 
observation. The groove is estimated to be about 3p.m in width 
and 3-4 nm in depth. From this result, when the workpiece 
surface is not so high in mechanical strength, even the laser 
torapped silica sphere with low hardness will be able to be 
used as a machining tool. 
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Micropeak Array in the Scribe Line on a Wafer 
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Small dot matrix marking on a silicon wafer has been performed using an second-harmonic 
generation (SHG) laser of yttrium aluminum garnet (YAG), liquid-crystal-display (LCD) mask, and 
projection optics. A marked image was obtained after laser irradiation through the pattern on the LCD 
mask. The each dot is a square with sides of 3.6 urn, the pitch of each dot is 4.5 urn and the height 
(not the depth) of each dot is approximately 0.5 um. The topography of each dot is unique, and 
features a central peak and peripheral depression. We have named this topography "micropeak" and 
have proposed a hypothesis for the micropeak formation mechanism, based on the density of liquid 
silicon and the congelation of molten silicon. In this report, micropeaks were formed in the scribe line 
on a wafer covered with oxide layers. Without being torn, these oxide layers were pushed up by 
micropeak generation and rose. Silicon particle scattering around the laser irradiation area was 
prevented completely. Clear dot images were observed through the transparent oxide layers. The 
conditions for clean marking by laser irradiation greatly depend on the thickness of the oxide layers. 

Keywords: laser marking, silicon wafer, scribe line, thin film structure 

1. Introduction 

In semiconductor manufacturing, silicon wafers have 
identification numbers, and production control systems re- 
cord each wafer's manufacturing history in host computers. 
However, since these systems have recently became un- 
manageably large and the host computer loads keep increas- 
ing, system simplification is required. 

Therefore we propose to store some of the processing 
information on the silicon wafer itself by laser marking 
instead of it storing in the host computer. Marks are applied 
between wafer processing steps, and the recorded inform- 
ation can be read at any step in the process. As a result, the 
host computer's transactions and storage size will decrease. 
In this method, we also propose a scribe line between device 
dies on the wafer surface as the marking site, because this 
area does not have device patterns and is almost bare silicon 
to enable each device die to be easily cut off after all pro- 
cesses are complete. 

Oxide was deposited on the scribe line area during wafer 
processing steps. Laser marking on the scribe line should be 
considered as a laser process of a silicon substrate with 
multi layer surface structure. The research on laser process- 
ing of a multi layer structure substrate has been progressed 
in the field of solar batteries, liquid crystal panels l) and in- 
formation recording. 2) In those researches, the thermal 
distribution in layer structures formed by laser irradiation 

was calculated and process optimization was discussed. 
Maydan3) showed that front and back laser irradiations have 
the same efficiency for metal film removal from metal 
deposited-glass substrates, and the glass substrate prevents 
the deposition of the removed material on the object lens in 
back irradiation. Biancos 4) showed that back irradiation for 
the a-Si/TCO layer through the glass substrate was more 
efficient than direct front irradiation. This was caused by ab- 
sorption differentials of air/target and glass/target interfaces. 

We have previously proposed "micropeak" technology, by 
which very small peaks are formed on the silicon wafer.5) 6) 

In this study, we examined the formation of "micropeak" on 
a wafer surface covered with oxide layers without surface 
fracture, by laser irradiation through the transparent surface 
oxide layers, in the same way as the back irradiation process 
above. In particular, the influence of the oxide layer thick- 
ness on laser irradiation conditions was examined and dis- 
cussed. 

2. Experimental Set up 

The experimental configuration of laser marking is de- 
picted in Fig. 1. A Q-switched second-harmonic generation 
(SHG) laser of yttrium aluminum garnet (YAG) was oper- 
ated with a pulse width of 90 ns, wavelength of 532 nm, and 
repetition rate in the range from 1 to 1000 Hz. The pulse 
energy was varied continuously by a variable beam attenu- 
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ator and measured with a thermopile laser power detector, 
and then the irradiation energy density on the target surface 
was calculated. Energy density is within the range 1-10 
J/cm2 and has 5 % error, which mainly arises from the pulse- 
to-pulse energy instability. A laser beam was expanded and 
collimated, then incident on the liquid-crystal-display (LCD) 
mask. The uniformity of the laser beam intensity on the 
LCD mask was better than ±5 %. The displayed mask 
pattern is demagnified onto the target surface with a ratio of 
1/100. This projection system also has a confocal auto- 
focusing function, and the projection lens is actuated to the 
best focal point by piezoelectric positioner. 

The reading system has an objective lens with 1/10 
magnification, a light-emitting diode (LED) lighting source 
and a conventional machine vision system.7) 

Variable Beam 
Attenuator 

.        Colllmating   Lenses 

pass» 
;SHG-YAG Laserf F" =■" **J 

!l 

Cz3 
Power Meter 

Beam Splitter 

Projection Optics      * I ) 

Focal Adjustment 
Sensor 

Silicon Wafer ' 

Fig. 1 Experimental configuration. 

The marking dot and surface film shape were observed 
with a scanning electron microscope (SEM) and a trans- 
mission electron microscope (TEM). For TEM observation 
sample preparation, carbide and metal were deposited on the 
sample surface to prevent sample breakdown, then the 
sample was thinned by the focused ion beam (FIB) method. 
The determination of chemical elements in the surface 
layers was also carried out by energy dispersive spectro- 
scopy (EDS). 

The scribe line surface structure on a dynamic random 
access memory (DRAM) chip sample is shown in Fig. 2. 
Figure 2(a) is a cross-sectional SEM micrograph of the 
scribe line. The line area width is approximately 80 um. 
Figure 2(b) is the magnified image of the surface layer 
structure. The total layer thickness is 1 um. Figure 2(c) 
shows results of the EDS analysis of the surface layer. Only 
silicon and oxygen were detected, and each layer comprised 
silica. 

Moreover, silicon wafer substrates covered with oxide 
film of various thicknesses were prepared in order to 
examine the influence of film thickness on marking con- 

ditions. Samples were prepared by thermal oxidation of the 
bare silicon wafer, and the surface oxide thicknesses were 

1460, 4400 and 9150 A. 

(c> ;si 

Fig. 2 Cross-sectional SEM views of scribe line 
area: (a) whole scribe line, (b) surface oxide 
magnified image, (c) EDS analysis result inside 
white window in (b). 

3. Results 

3.1 Laser marking on a scribe line 
Figure 3(b) shows a mark on a scribe line, with the laser 

irradiation conditions of 1.60, 1.44 and 1.28 J/cm2 single 
pulses, respectively, and the minimum energy density 
required for visible marking was 0.6 J/cm2. This is a bright- 
field optical image obtained by the machine vision system. 

HSJrwiö£~==~|S 

»1.44J/cmI_ 

Fig. 3 Laser markings on the DRAM chip scribe line, (a) 
SEM view for each irradiation condition, (b) Optical image 
obtained by machine vision system. 
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The marking patterns consist of the "micropeaks" which are 
squares with sides of 3.6 um, and the peaks are arranged 10 
x 10 two dimensionally with 4.5 um intervals. These mark- 
ings are Data Matrix 2D-code patterns of ID Matrix Ltd., 
and cosist of 6-digit numbers. 

Figure 3(a) shows magnified mark images for each 
condition. The sample was tilted and observed by SEM. The 
oxide film was damaged with an energy density of 1.44 
J/cm2 or more, while no damage occurred at 1.28 J/cm2. 
These results show that this marking process has an energy 
density range within which it is possible to make clean 
marks without oxide film damage. Furthermore, swelling of 
the oxide film surface corresponding to micropeak form- 
ation was observed at 1.28 J/cm2. Figure 4 shows the sche- 
matic process of the micropeak forming under an oxide film 
and pushing it up. As a result, projections with good 
visibility can be formed under oxide film. 

wide. However, the energy range for marking was not pro- 
portional to the film thickness. 

(a) Laser Beam 

y&£ü^ 

(b) 

(c) 

Fig. 4 Micropeak formation. 

3.2 Laser marking with various film thicknesses on a 
substrate 

The marking condition dependence on the oxide film 
thickness is shown in Fig. 5. The horizontal axis is laser 
irradiation energy density, and the vertical axis is oxide film 
thickness. The symbols for each thickness show the energy 
density ranges from the minimum value for obtaining of an 
optically clear marking image to the maximum value for the 
marking without inducing surface film cracks. The energy 
ranges for marking in film thicknesses of 1460 and 4400 Ä 
were small, while the one for a thickness of 9150 Ä was 

E 

e 
tu 

> 

a 

O: maximum without film damage 
i - A: minimum for visible marking . ;:.0 : 

IS 

1 

1.5 ....A-''- 
1 

0.S 

n »"                            !■■■"'■     ■■   ■■! V"       

0 2000       4000       «000       8000      10000 

Film thickness IÄ1 

Fig. 5 Influence of oxide film thickness on marking 
conditions. 

Figure 6 shows magnified dot images produced with the 
minimum irradiation energy density to induce surface oxide 
film cracks. Figure 6 (a) is for the case of a film thickness of 
1460 Ä. The cracks propagated radially from the dot center. 
Figure 6 (b) is for the case of a film thickness of 4400 Ä. A 
plate-shaped oxide film fracture occurred. 

Oxide thickness: 44Ö0Ä 

Fig. 6 SEM views of surface oxide film cracks: 
(a) 1460Ä film, radial crack propagation. 
(b) 4400Ä film, plate-shaped fracture. 

Proc. SPIE Vol. 4088 391 



Figure 7 shows the cross-sectional image of a micropeak 
formed with slightly less energy density to induce an oxide 
film crack. The arrow shows the oxide layer. The white 
layer on the oxide is a protection film for FIB, and the lower 
gray layer is the silicon substrate. The upheaved dot center 
substrate does not have any significant defect, and was 
confirmed to be single crystalline from the electron dif- 
fraction pattern. Furthermore, the oxide layer transform 
along the upheaved silicon substrate shape can be observed. 

Surface 

Oxide film 

JSilicon Substrate 
•:Wms§&i:^ 

1/ym 

Fig. 7 TEM cross-sectional image of "micropeak" 
under oxide film. 

4. Discussion 

4.1 Influence of surface oxide film thickness influence 
In Fig. 6(a), the 1460-A-thick film was pushed up and the 

surface crack spread radially from the dot center. The oxide 
film was amorphous silica, and these findings suggest that 
the film was warmed by thermal conduction from the silicon 
substrate heated by laser irradiation, and then may have 
deformed plastically over the glass transformation temper- 
ature. On the 4400 Ä film, the surface oxide was removed. 
At this thickness the internal stress due to micropeak 
formation remains the same, but laser irradiation may not 
have sufficient heat capacity to produce surface oxide glass 
transformation over the entire dot area. As a result, the 
surface oxide could not deform plastically, and plate-shaped 
fracture occurred. 

The results for the 9150-A-thick film suggest that the 
surface oxide film of a thickness between 4400 and 9150 Ä 
has the strength to resist the internal stress due to micropeak 
formation. 

Furthermore, additional preheating with smaller pulse 
train irradiation just before the marking pulse expanded the 
energy density range without surface film fracture in a film 
of 1460 Ä thickness. One explanation is that preheating 
prompted surface oxide glass transformation. However, in a 
more than 4400-A-thick oxide film, preheating did not have 
this effect. Consequently it is difficult to mark a silicon 
substrate covered with oxide film with a thickness of around 
4400 Ä. 

4.2 Influence of film material 
The minimum energy densities required to induce film 

surface damage were 1.44 J/cm2 for a l-^m-thick oxide film 
on the scribe line and 3.10 J/cm2 for the 9150-Ä-thick 
thermal oxide on the silicon substrate. The thermal oxide 
layer required twice the energy density required by the 
scribe line film though the film thicknesses were approxi- 
mately the same, because the oxide on the scribe line, 
deposited by chemical vapor deposition (CVD), has a lower 
melting point than thermal oxide. 

The minimum energy densities required for visible 
marking were 0.6 J/cm2 for the scribe line of an oxide film 
and 1.4 J/cm2 for the thermal oxide. This can be explained 
by the difference in the silicon substrate / oxide film 
interface strength. The CVD-deposited oxide film has less 
film and interface strength, and thus has less resistance to 
the rising of the silicon substrate during marking dot 
formation. 

5. Conclusion 

Laser marking of the scribe line was achieved with a 
DRAM device chip. Micropeaks, small projection marking 
dots, were formed in the scribe line covered with oxide films 
without surface fracture. Since the silicon substrate rose and 
pushed up the surface oxide film during marking dot form- 
ation, the marking conditions depended on several factors, 
including surface oxide film thickness, film strength and 
interface strength. We presumed that the surface film thick- 
ness of the scribe line changed during the process in semi- 
conductor manufacturing, and examined the influence of 
film thickness on marking conditions. Visible markings 
without surface fracture were obtained except with the film 
thickness of around 4000 Ä. We will continue the investig- 
ation of the optimization of multi layer laser marking, and 
generalize this technology. 
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A novel laser-based direct-write technique, called Matrix Assisted Pulsed Laser Evaporation Direct 
Write (MAPLE-DW), has been developed for the rapid prototyping of electronic devices. MAPLE- 
DW is a maskless deposition process operating under ambient conditions which allows for the rapid 
fabrication of complex patterns of electronic materials. The technique utilizes a laser transparent 
substrate with one side coated with a matrix of the materials of interest mixed with an organic vehicle. 
The laser is focussed through the transparent substrate onto the matrix coating which aids in 
transferring the materials of interest to an acceptor substrate placed parallel to the matrix surface. 
With MAPLE-DW, diverse materials including metals, dielectrics, ferroelectrics, ferrites and polymers 
have been transferred onto various acceptor substrates. The capability for laser-modifying the surface 
of the acceptor substrate and laser-post-processing the transferred material has been demonstrated as 
well. This simple yet powerful technique has been used to fabricate passive thin film electronic 
components such as resistors, capacitors and metal lines with good functional properties. An overview 
of these key results along with a discussion of their materials and properties characterization will be 
presented. 

Keywords: direct write, laser forward transfer, matrix assisted pulsed laser evaporation (MAPLE), 
matrix assisted pulsed laser evaporation direct write (MAPLE-DW), rapid prototyping, electronics 
devices. 

1.   Introduction 

There is a strong need in industry for rapid prototyping 
and manufacturing of passive electronic components on 
various substrates in the mescoscopic regime (micron to 
mm range). This capability is required in order to fabricate 
smaller and more versatile electronics devices, to iteratively 
measure the performance of circuits too difficult to model 
and to quickly design and test circuits without a time- 
consuming photolithographic mask process. 

Direct-write technologies provide a flexible, maskless 
and efficient technique for depositing a wide variety of 
materials under ambient conditions which can be easily 
integrated into a CAD/CAM system. Direct-write methods 
do not compete directly with photolithography in 
manufacturing sub-micron size components, but are 
intended to supplant current surface mount technologies in 

the mesoscopic regime. 
Various direct-write technologies have been developed 

in the last few years. Some of these techniques include 
micropen, inkjet, plasma spray, focused ion beam, e-beam 
and other liquid microdispensing approaches. Laser-based 
direct-write techniques1 include Laser Induced Forward 
Transfer (LIFT), laser CVD, laser particle guidance and 
Matrix Assisted Pulsed Laser Evaporation Direct Write 
(MAPLE-DW). 

In this paper, the principles of the MAPLE-DW 
technique will be described and results from some of the 
fabricated structures will be presented. 

2.   Background 

Ever since the invention of the laser in 1960, much 
research has been directed towards the interaction of laser 
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radiation with materials. Its high coherence, directionality 
and brightness properties make laser radiation ideal for 
materials processing applications. These same properties 
also make it ideal for direct-write applications where a 
highly controlled source of energy with well-defined spatial 
qualities can be used to process materials in a specific 
location and time interval. By choosing the correct laser 
wavelength, fluence and optical beam delivery system, 
many types of materials can be deposited at room 
temperature under ambient conditions with feature sizes in 
the micron range. Various laser-based direct-write 
techniques have been used to deposit metals2 and 
dielectrics3 onto various substrates with varying degrees of 
success for each. 

A promising new direct-write technique that allows the 
deposition of almost any kind of material onto any substrate 
type and shape is the MAPLE-DW process4. This technique 
combines aspects of both the MAPLE5 and LIFT6 processes 
into a simple but versatile direct-write technology. In the 
MAPLE process, large and fragile organic molecules to be 
deposited into thin film form are first dissolved in a dilute 
(usually frozen) matrix target. Then, a low fluence UV 
laser beam strikes the target to gently warm the solvent 
matrix to gently release the organic molecule while the now 
volatile solvent molecules are removed by vacuum 
pumping. This pulsed thermal process heats the surface to 
below the decomposition temperature of the organic 
molecules while the solvent matrix is heated to its 
evaporation point. The combined action of the evaporating 
matrix desorbs the large species intact and deposits them as 
uniform thin films. 

LIFT is a simple pyrolytic direct-write technique where 
focused laser radiation vaporizes a thin film coating 
(<2000 Ä) on one side of an optically transparent support. 
The vaporized material is transferred onto a substrate placed 
adjacent to this coating. Compared to MAPLE, LIFT 
requires a higher laser fluence because it must remove the 
thin film from its support by physical vapor deposition. For 
this reason and to maintain good lateral resolution, the thin 
film coating on the support is usually less than 1000 A 
thick. Thicker depositions would require time-consuming 
iterative steps. Because the laser radiation tends to atomize 
the thin coating, LIFT is best suited for metals since 
multicomponent crystalline materials would not be able to 
be transferred intact. Other disadvantages of LIFT include 
poor spatial resolution, adhesion and morphology. 

MAPLE-DW takes the experimental support of LIFT 
and combines it with the matrix desorption mechanism of 
MAPLE into a versatile direct-write process that takes place 
at room temperature. The support is transparent at the laser 
wavelength and consists of a coating of the materials of 
interest dispersed in a matrix. The matrix can consist of 
organic solvents, binders, dyes or other components, which 
aid in the transfer and particle bonding process. Ideally, 
when the laser beam strikes this coating and transfers it to 

the substrate, most of the matrix components should be 
removed, easily decomposed or evaporated after the 
transfer. An important benefit of MAPLE-DW is that 
unlike other approaches, this technique does not change the 
properties of the material of interest after the transfer.7 

Another advantage of MAPLE-DW, which 
distinguishes it from other techniques, is that it can operate 
additively or subtractively. The presence of the laser beam 
allows in-situ, pre- or post-processing of the transferred 
material and substrate. For example, the laser can be used 
to pre-clean the substrate surface, micromachine vias or 
channels, trim circuit elements, or sinter the deposited 
material. 

The MAPLE-DW process has been used in this work to 
successfully deposit metal lines, resistors and capacitor 
structures with good properties on various substrates. 

3.   Experimental Procedure 

The experimental setup used in MAPLE-DW is very 
similar to that used in micromachining or the LIFT process. 
A UV laser operating at 355 nm with a 5 ns pulsewidth is 
focused onto a UV fused silica disk which acts as the 
optically transparent support. This disk is coated on one 
side with the material of interest and its corresponding 
matrix. The disk is placed with its coating side adjacent to 
the receiving substrate to within tens of microns gap 
separation. The entire disk and substrate is placed on a 
computer-controlled X-Y table which is synchronized to the 
output of the laser. The optical delivery system can 
generate UV focal spots from 10 to 300 micron diameter 
and fluences over 5 J/cm2. The UV beam energies were 
monitored continuously during each deposition by an in- 
line beam-splitter and focal burn patterns were recorded on 
polyimide or UV photosensitive film. A secondary IR 
Nd:YAG laser operating in the free-running mode provides 
1.06 urn pulses at 10-40 Hz with a 50 us width for post- 
processing the transferred material. The table speed can be 
adjusted so that the IR focal spots overlap accordingly to 
give the required sintering dwell times. 

Materials were transferred onto various substrates such 
as glass, alumina and polyimide. By optimizing the 
deposition parameters, deposited materials showed good 
morphology, linewidth and functional properties. Metal 
lines were transferred by MAPLE-DW between two 
photolithographically patterned Au electrode pads. An e- 
beam deposited gold line served as a reference on each 
sample. A standard 4—point probe DC measurement was 
used to characterize the resistivity of these lines. Resistor 
lines were transferred by direct-write between two Au 
electrode pads separated by 700 urn and its electrical 
properties characterized by both a 4-point probe 
measurement and an HP4291B impedance analyzer. 
Dielectrics were evaluated by transferring a (-0.7x0.8 mm) 
pad of material over a previously patterned interdigitated 
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capacitor structure (IDC). This structure allowed quick 
characterization of dielectric material properties and avoids 
the complication of depositing extra metal pad layers as 
would be found in a parallel-plate capacitor structure. The 
capacitance and loss tangent values of the capacitors were 
measured on an HP4284A LCR meter up to 1 MHz and on 
the impedance analyzer from 1 MHz to 1.8 GHz. Values 
measured at 1 MHz agreed within error on both systems and 
provide confidence in our measurement technique. 

All samples were evaluated by optical and scanning 
electron microscopy (SEM). Both surface and fracture 
cross-sectional SEM's were performed on the different 
substrates. 

4. Results and Discussion 

Silver lines were transferred onto polyimide substrates 
and after a furnace anneal at 300 °C to react the metal 
precursor, the resistivities were measured to be 1.1 to 1.6X 
bulk Ag. A photograph of the line as well as profilometer 
scans across 6 different locations along a 7 mm-long 
segment are shown in Fig. 1. The lineshape definition is 
good with minimal debris as deposited. Only a single laser 
pass was used to deposit these 2.5 urn (average) thick lines 
and the 40-um linewidth was comparable to the laser spot 
size. Silver lines were also deposited onto alumina and 
glass substrates with somewhat higher resistivities. A 
scotch tape test of the Ag line on glass left it intact which 
demonstrates the excellent adhesion of the transferred 
material. 

Laser sintering was attempted on some of the higher 
resistivity silver lines with mixed results. At low levels of 
IR power absorption, only the surface silver layer showed 
signs of annealing or melting as shown in Fig. 2. When the 
IR laser power was increased, the silver line tended to 
"bead" or eventually delaminate from the substrate surface. 
The thermal diffusion depth for silver is over 10 urn for a 
1 us laser pulse so it is possible that sufficient porosity 
remains in the cross-section preventing efficient thermal 
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Fig. 1 Profilometer scans across a 7 mm-long Ag line 
segment deposited on polyimide. The inset shows an 
optical micrograph of the 40 (im wide line. 

200 

Fig. 2 SEM fracture cross-section of Ag line on alumina 
processed by a 1.06 \\m laser, 

conduction of the heat from the surface layer to the entire 

volume. 
Polymer resistor lines were transferred between two Au 

pads on alumina substrates. By changing the formulations 
of the starting resistor material, nearly 4 orders of 
magnitude change in the sheet resistance was obtained in 
the transferred lines as shown in Fig. 3. The drop-off at 
higher frequencies is not unique to polymer resistors as it is 
also observed in cermet resistor material formulations8. The 
oscillations at the highest frequencies are due to resonance 
effects from the test leads and sample during the 
experiment. Note the good agreement between the 
measured sheet resistance values at 1 MHz and those 
actually specified for the starting material. This agreement 
demonstrates again that the MAPLE-DW process does not 
significantly alter the intrinsic properties of the material 

after transfer. 
The dielectric material barium titanate (BTO) was 

transferred onto pre-fabricated IDC's on polyimide and 
alumina substrates. As shown in Fig. 4, an SEM cross- 
section of the transfer shows that a high packing density 
was achieved. 

The measured capacitance and loss tangent of a BTO 
IDC from 1 MHz to 1.8 GHz are shown in Fig. 5. The 

measured dielectric constant Sr of 70 and loss tangent of 

10 101 102 103 

Frequency (MHz) 

Fig. 3   Frequency behavior of sheet resistance of 5 
different resistor lines made by MAPLE-DW. 
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Fig.4 SEM fracture cross-section of BTO deposited on 
an interdigitated capacitor finger on polyimide. 

4% (after correcting for the substrate) at 1 MHz is 
significantly below the corresponding values for the powder 
starting material. Due to the high dependence of the 
dielectric constant on the porosity of the dielectric material9, 
it is possible that the air volume fraction in the BTO transfer 
is still sufficient to dramatically lower the 6r value. 

5.   Summary 

In conclusion, we have demonstrated the versatility and 
strength of the MAPLE-DW technique as a rapid direct- 
write technology in depositing good-quality electronics 
materials under ambient environmental conditions. Silver 
lines with bulk-like conductivities have been deposited onto 
polyimide with a short furnace treatment as the only post- 
processing step. Resistor lines with sheet resistances of 4 
decades have been obtained by only changing the 
composition of the starting material. Barium titanate 
compositions have been transferred as pads and their 
measured dielectric constants and loss show good promise 
as useful capacitor structures. 

In addition, we have shown that MAPLE-DW can 
deposit different types of materials onto various substrates 
such as polyimide, metals, glass and alumina. The 
usefulness of this technique has been strongly demonstrated 
in this paper with high-quality material properties obtained 
directly with a simple transfer and furnace treatment step. 
No other pre- or post-processing procedures were used. 
Improvements in the materials formulations as well as a 
deeper understanding of the mechanism of the MAPLE-DW 
process should bring further success of this technology as a 
rapid prototyping tool. 

0 0.5 1 
Frequency (GHz) 

Fig.5 Frequency dependence of the dielectric 
constant and loss tangent of a BTO IDC 
deposited by MAPLE-DW on alumina. 
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We introduce some preliminary results of measurement on a simulated corneal surface. The 
possibility to devise a reliable mathematical model to simulate the corneal behavior in order to 
obtain target refraction (TR) is also discussed during and after Photo Therapeutic Keratectomy 

(PTK). 

Keywords: Cornea, Excimer Laser, PTK, PRK, Shearography, Twymann-Green, FRAMESplus 

1.   Introduction 

Excimer Laser Photo Refractive Keratectomy 
(ELPRK) has gained large popularity and acceptance 
nonetheless several limitations pointed out by the authors 
in previous works and also reported in literature [1, 2]. 
Patents have been registered to improve the technique by 
measuring the corneal geometry [3]. The introduction of 
innovative procedures, like LASIK and scanning, has 
improved the results. The present and future trend of 
ELPRK is in fact towards a more personalized surgery. 
Scanning heads and LASIK are constantly replacing classic 
PRK procedures. Today LASIK covers 70 % of the photo 
refractive procedures, 30 % is with the conventional PRK 
[4]. Therefore ELPRK will require more accurate devices 
capable to measure the vision parameters, like corneal 
curvature radii and diopters in order to maximize the 
number of patients obtaining TR. 

T. J. Licznerski et al. announced using Twymann- 
Green interferometer (TGI) to evaluate in vivo the breakup 
characteristic of the human tear film[6]. J. Cambier and G. 
W. Rozakis patented an optical device that measures the 
corneal geometry in order to simulate excimer surgery. 
They introduced a mathematical model based on the 
diopters number D, and the relation D = 1/f, which is the 
physical definition of refractive power of a lens system 
with focal length f [3]. 

We firstly proposed adopting a combination of TGI 
and speckle interferometer [7,8] to accurately measure the 
geometry of the cornea surface along with the detection of 
the surface defects and/or anomalies in order to monitor 

and simulate the post operative evolution of PRK excimer 
laser procedures. 

The present work reports some of our developments 
in the above outlined directions describing a device 
capable to measure with high accuracy all the corneal 
geometrical parameters as well as those directly limiting 
to obtain TR. 

2.    Modeling of the cornea 

The impossibility to personalize the treatment 
accordingly to the real cornea conditions is one of the 
limits of current ELPRK procedures. ELPRK ablation is 
not as predictable as that with inorganic and organic 
materials, like metals or plastics. Corneal tissue has a 
nonlinear elastic behavior when the Intra Ocular Pressure 
(IOP) is varied [9]. The same behavior may also influence 
the reconstruction of the ablated corneal tissues. Corneal 
tissue elasticity changes from individuals due to many 
variables, being age one of the more important. The fact 
that properly dosed steroids help correcting results after 
ELPRK ablation may indirectly confirm the nonlinear 
elastic behavior. Sudden movements of the eyes during 
ELPRK ablation also sensibly affect TR. A more accurate, 
reliable and fast measurement device, useable in real time 
during the procedures, may improve the present 
limitations. Table 1 reports the latest results of TR at Al 
Shifa Trust Eye Hospital, Rawalpindi, Pakistan, the top 
line is the diopter range measured after six months from 
the ELPRK procedure, the bottom line the corresponding 
percentage of patients falling in the above range. 
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Table 1 Eyes distribution versus corrective results. 

Eyes 0.0 + 0.5     ±0.5+ ±1.0     +1.0++2.0       >±2.0 

> over 2000       68.5% 25.6% 4.4% 1,5% 

It appears that an accurate definition of the corneal 
geometry is a prerequisite to personalize the procedure 
increasing the flexibility of ELPRK procedures. This 
necessity has induced some authors to propose and patent 
optical methods that enable measuring the curvature radii 
of the cornea as well as other parameters like those that 
consider the "reactivity" of the specific patient's corneal 
tissue to the laser ablation. An explanation of Table 1 
results is that corneal tissues are quite different not only 
from individuals but even in the same patient. Age, 
individual IOP, smoothness of the corneal surface and type 
of patient's activity have also to be considered beside the 
eventual misalignments of the optical axis, the values of 
the distance between the retina and cornea surface in order 
to correct at the TR conditions. The possibility of under 
correction or over correction remains as one of the 
limitation in ELPRK, no matter the type of procedure 
adopted. Moreover it has been demonstrated that biological 
debris produced during ELPRK ablation "fly" at supersonic 
speed, so intense is the stress applied to the corneal tissue 
by the laser pulses. Thus it is possible that intense stress 
may produce quite different results even in presence of 
slight variations of cornea characteristics. 

We firstly suggested using a modified TGI with the 
option of speckle interferometry to detect the corneal 
geometry, its surface irregularities and behavior when 
stressed with a pressure tolerable by the patient 
determining the reaction time of the cornea tissues [1, 2]. 
The device high accuracy allows measuring the corneal 
geometry in a specified time interval after the application 
of the same stress conditions. For example the modified 
TGI can take a geometrical topographic measure of the 
corneal surface at the time to = 0, when the stress is 
applied. Then a series of similar measures will be taken at 
regular time intervals, for example every one second with a 
50 % duty cycle and a total period of two seconds. The 
time interval in which the cornea has returned at its original 
conditions can be defined as "reaction time" and gives an 
idea of the tissue elasticity when the same force is applied 
in the same position and under the same conditions to 
different eyes. The reaction times and the geometric 
measures determined experimentally maybe used in a 
mathematical model that considers time varying 
parameters. This model would be more close to the real 
cornea conditions than those presently available. 

Assuming A, the cornea surface geometry before 
treatment. D, the desired corrected radius of curvature 
corresponding to the TR conditions. E the surface 
obtained after simulation. Surface E, is the final result of 
the simulation. It is obtained considering the cornea 
characteristics after simulating modifications of the 
surface A. Surfaces B represent the" simulated surgical 
modifications induced on surface A. Surfaces C represent 
the measured geometry of a healed cornea. Simulation 
should enable to visualize TR conditions expressed by the 
equivalence C = D = E. The iterative process confronting 
surfaces D and E, after modifying A in B, can be made 
automatic and simulation carried out until the two 
surfaces, D and E, will be coincident. The real corrective 
data will be finally implemented in vivo. The same device 
will be used monitoring the corneal geometry 
modifications during the postoperative period and verify 
that effectively C = D = E. The postoperative 
measurements will also enable to quantify deviations 
between simulated and real surfaces, thus allowing to 
refine the model. Figure 1 and 2 describe the cornea in 
terms of A, B, C curves accordingly to the above 
definitions, for simplicity D and E are not reported. The 
curves are not in scale. 
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Fig. 1 Curves A before treatment, C after healing. 

Fig. 2 Curve B immediately after MZ-PRK treatment. 

Following the notation of von Bally[6] we can write for 
the curve A of figure 1: 

x2 + z2 = (RA)2 
(1) 
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while for the curve B we suggest the following set of 
equations: 

z = b. 

0 < x   < az 

a7 < x  < bz 

fringe contrast and reduce the environment light noise. 
The CCD output is connected with frame grabber board in 
the PC. The HV pzt driver is also an electronic board in 
the PC not visible in figure 3. The shutter on the laser 
output is essential to ensure working within the limits of 
the permitted exposure time [10]. 

z = cz 

x2 + z2 = (RB)2 

b7 < x  < c. 

x  >  c. RA = RB (2) 

The radius C can be again described by an equation similar 
to (1) if the center is not translated but only shifted along 
the z-axis. This is the solution of the ideal correction. 
Again: 

x2 + z2 = (Rc)2 (3) 

Position of the real curve C will depend on the different 
behavior of the corneal tissue on the x, y, z directions. We 
suggest here following a simple correlation between the 
curves B and C valid for the plane z, x but extendable to 
the space if necessary: 

(X')2 + (Z')2: :[kx(t)]
nX.X2+[kz(t)]

nZ.Z2 (4) 

where [kx(t)]
nx and [kz(t)]

nz express the time dependence of 
the non-linear deformation coefficients, being the non- 
linearity included in the unknown powers, nx and nz. One 
can solve (4) equating it to the fringes count for several 
couples of different deformations and different times so 
that [kx(t)]

nx and [kz(t)]
nz can be determined experimentally. 

Then the function can be approximated by a polynomial 
expansion. 

3.    Description of the Experimental Setup 

Figure 3 shows the setup used for the preliminary tests. The 
laser beam is projected to the object plane with a suitable 
diameter obtained adjusting the beam expander. The beam 
is reflected from the surface and directed into the 
interferometer/speckle analyzer. A beam splitter divides the 
reflected beam in two components of almost the same 
intensity. Fringes are produced on the CCD Camera plane. 
Phase shift is introduced "sweeping" the position of mirror 
Mi, pzt mounted, while M2 is fix. This setup enables to 
obtain interferometric measures of the divides the reflected 
beam in two components of almost the same intensity. 
Fringes are produced on the CCD Camera plane. Phase 
shift is introduced "sweeping" the position of mirror Mi, 
pzt mounted, while M2 is fix. This setup enables to obtain 
interferometric measures of the object. Surface geometry 
without deforming it. The two components interfere on the 
CCD camera plane. Objective and diaphragm enhance the 

Object plan 

Gated 

_TL 
—*-$ 
Shutter 

to PC 

Fig. 3 The setup for measurement 

4.    Results on a simulated cornea 

In order to simulate the cornea we have used a glass 
ball and the convex part of a teaspoon. Figure 4 shows the 
interference fringes obtained from the glass ball. Figure 5 
shows fringes and speckle generated from the convex 
surface of a teaspoon. 

In the case of the glass ball we have used a 5 mW 
HeNe laser and the angle a = 0, so that the setup works as 
a pure Twymann-Green interferometer. 

In the case of teaspoon we have used a 1 mW HeNe 
laser and an angle oc ^ 0. 

Fig. 4 Fringes from a glass ball. 

5.    Conclusions 

We have introduced the use of a very accurate and 
safe  laser   interferometric  and shearographic   corneal 
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Fig. 5 Fringes and speckle from a teaspoon. 

measurement device, which can measure the corneal 
geometry before, during and after ELPRK procedures. The 
device is combined with a mathematical model of the 
cornea that can simulate with proper accuracy its behavior 
during the post-op and forecast the expected final result 
customized for each patient. The development of such 
model, here only outlined in its general aspects, may have 
different complimentary approaches 
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Removal Process of Metal Thin Films during Laser Rear Patterning 
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In laser rear patterning, a thin film deposited on the supporting substrate is irradiated by a laser 
beam from the rear side of the thin film through the substrate to remove the irradiated area of the film. 
In this study, a KrF excimer laser with a pulse width of 30 ns and different values of fluences was 
focused onto metal such as a gold and a copper thin films, which were deposited on a fused silica 
substrate using the ion sputter deposition method. The intensities of the incident and the transmitted 
laser beams were measured simultaneously using photodiodes during the laser rear patterning. The 
results show that the film removal started after approximately 10 ns of laser irradiation under 
optimized deposition condition. During the laser rear patterning, it was found that the recoil force of 
the evaporation generated between the film and the substrate pressed the film. As a result, the molten 
part at the edge of the unirradiated part was peeled and ejected away by the momentum from the recoil 
force. 

Keywords: laser rear patterning, metal thin film, material deposition, micro-deposition, removal 
process. 

1.    Introduction 

Formation of micro-electrode and micro-electronic 
wiring are key techniques for production of high density, 
three dimensional, micro LSI chip. Techniques of filling 
conducting materials into micro holes with a few micro 
meter in diameter and deposition of conducting materials 
with a few micro meter in width are necessary for 
realization of the micro-electrode and micro-electrical 
wiring. Laser Rear Patterning (LRP) method has a 
potential to realize the above mentioned techniques. In 
LRP a thin film coated on a transparent supporting 
substrate, which is irradiated by laser through the substrate, 
is removed, transferred and deposited on the opposite 
substrate. LRP can be applied for both the removal 
patterning as well as widely used method that the laser is 
directly irradiated the thin film, and the additive patterning 
that removed material is transferred and deposited. LRP 
method has merits that the process can be done under 
atmospheric condition, room temperature and dry process. 
Although fundamental and applied studies have been done 
as Laser Induced Forward Transfer (LIFT)1H) and Laser 
Induced Back Ablation (LIBA)5)6), the removal process of 
thin film is not clarified yet. Removal mechanism of the 
thin film during laser front patterning, the thin film is 

irradiated by the laser and then removed, was analyzed at 
both the optimized and the excess fluences7)8). In this study, 
removal mechanism of the thin film during LRP is 
investigated from the point of view that the dimension of 
the removed region and the deposited size. The transmitted 
laser during LRP was measured to investigate the delay 
time of the film removal from the laser irradiation. 
Deposition is carried out varying laser fluences, film 
thickness, and film to substrate distance. 

Mask 
Git ttiiu film 
IWdmessCl-8.Spai 

Supporting substrate: Quartz 

Fig. 1    Experimental setup for deposition of metal thin 
film using laser rear patterning method. 
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2. Experimental setup 

KrF excimer laser with a pulse duration of 30 ns was 
irradiated from the rear side to remove the metal thin film. 
Cu thin film was deposited on a quartz glass using the ion 
sputter deposition method. The film thicknesses were 160 
and 750 nm. Laser fluence was changed from 0.2 to 1.0 
J/cm2, and film-substrate distance was changed from 10 to 
1000 urn. Si wafer was used as the substrates to be 
deposited. 

Intensity of incident and transmitted beams were 
measured using highly sensitive PIN-Photodiodes as 
shown in Fig. 2. 

3. Results and discussions 

3.1       Measurement   of   intensity   of   incident   and 
transmitted laser beams 

Mask 

Substrate   Thin film 

Fig. 2    Experimental setup for measurement of 
transmitted intensity during laser rear patterning. 

50 

Time (ns) 

Fig. 3 Waveforms of the incident and the transmitted 
laser beams in case of Cu thin films with 160 nm in 
thickness. 

Figure 3 shows the waveforms of the both incident and 
transmitted laser beam when Cu thin film with 160 urn in 
thickness was irradiated by the laser, of which fluence 
were 0.34 and 0.92 J/cm2. The transmitted laser began to 
be detected at approximately 10 and 20 ns from the laser 
irradiation in cases of fluences of 0.92 and 0.34 J/cm2, 
respectively. The reason why the transmitted laser in case 
of fluence of 0.92 J/cm2 was detected earlier than that of 
0.34 J/cm2 is that the laser irradiated region reaches its 
melting and boiling point faster as the laser fluence is 

50 u i 

(a) (b) 
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Fig. 4 Optical microscope images of the removed region 
of the films and the deposited materials deposited on the 
Si substrates. Film to substrate distance was 10 |im in each 
case, (a), (c), (e), (g); removed region, (b), (d), (f), (h); 
deposited material, (a), (b); film thickness 160 nm, fluence 
0.34 J/cm2. (c), (d); film thickness 160 nm, fluence 0.92 
J/cm2. (e), (f); film thickness 750 nm, fluence 0.34 J/cm2. 
(g), (h); film thickness 750 nm, fluence 0.92 J/cm2. 
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higher. On the other hand, in the front patterning the thin 
film circle is separated from the unirradiated region at 
approximately several hundreds of nanoseconds, and then 
the molten metal edge begins to move toward the center of 
the irradiated circle7). In case of the film thickness of 750 
nm the intensity of the transmitted laser was 1/100 ofthat 
in this case. Fig. 4 shows the appearance of Cu deposited 
on the opposite Si substrates and the removed region of the 
film with a spot size of 140 pm. As shown in Fig. 4 (a) - 
(d), no particle and clear edge are seen in the removed 
region, and small grain size and high density deposition are 
achieved in case of film thickness of 160 nm. On the other 
hand, fragments which are not completely removed from 
the supporting substrate exist in the removed region in case 
of film thickness of 750 nm as shown in Fig. 4 (e) - (h). 

3.2 Patterning dimension 

As shown in Fig. 4(d), under optimized deposition 
condition a splattered ring is observed around the 
deposited circle, which consists of droplets of a size of 
several urn. The diameter of the splattered ring and the 
deposited circle are shown in Fig. 5 when Au thin film 
with 110 nm in thickness was irradiated by KrF excimer 
laser varying film to substrate distances and laser fluences 
with a spot size of 140 urn. The diameter of the removed 
region was 140 and 150 urn in case of the fluences of 0.16 
and 0.37 J/cm2, respectively. The diameter of the ring 
becomes larger as the fluence increases. Fig. 5 shows that 
the diameter of the splattered ring increases linearly in 
proportion to film - substrate distance at each fluence. On 
the other hand, the diameter of deposited circle was 
constant independent of the laser fluences. This means that 
the molten part detached at the edge of the unirradiated 
part flied away at an angle, which is dependent on the laser 
fluence. In addition, the same size of removed region as 
the spot size can be attained and the splattered ring 
becomes small as the laser fluence is low. Fig. 6 shows the 
appearance of the film removed by the irradiation of a KrF 
excimer laser at excess fluence using by front patterning 
method. The edge of the film is peeled from the substrate 
around the irradiated zone as shown in Fig. 6. The strong 
recoil force of vaporization presses down the molten metal 
to produce outward radial flow of the molten metal during 
laser front patterning at the excess fluences. On the other 
hand, no peeling and droplets can be seen in the film 
removed by using LRP at excess fluence as shown in Fig. 
4(c). 

3.3 Removal mechanism of thin film 

Based on the above-mentioned results in the laser rear 
patterning, removal mechanism of the rear patterning 
under optimized deposition condition is shown in Fig. 7. 
During the laser pulse, the irradiated region is melted and 
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Fig. 5 Diameter of the splattered ring and the deposited 
circle varying film to substrate distances and laser 
fluences with a spot size of 140 nm. 

 1  -1—      1           1 

o F= 0.16 J/cm2 

-  ♦ F= 0.37 J/cm2 

Splattered circle 

- ♦ o 

o 
o 

♦ o 

-     ♦     ° - 
o Spot size 140 |im 

»     9 
„ljr—„. 

♦       ♦ 
Deposited circle 

■       i       i       i       i 

|   250um   [ 

(a) Excellent (b)Peeled 

Fig. 6 Appearance of the Cu thin film removed by 
the irradiation of a KrF excimer laser at (a) 
optimized and (b) excess fluence using by front 
patterning. 

evaporated, and then detached from the substrate by the 
recoil force due to evaporation. A part of melted region 
flows into the edge of the unirradiated region. Although 
the edge of the detached circle is driven toward the center 
by surface tension force, the film is broken into small 
clusters immediately after removal to make its surface 
energy minimum. The outer diameter of the circular disk 
consisting of molten clusters keeps constant as no external 
force exerts any more. The molten part at the edge of the 
unirradiated part flies away by the momentum at a given 
angle to produce. Eventually the diameter of the removed 
region in the film becomes larger than that of the laser 
irradiated region. 
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Fig. 7    Schematic illustration of removal process of thin film deposited on the supporting 
substrate under optimized deposition condition in the laser rear patterning. 

4.    Conclusion 

The removal mechanism of metal thin film was 
analyzed in laser rear patterning with KrF excimer lasers. 
The obtained results are summarized as follows: 
(1) High-density deposition with small grains is possible 

at optimized fluence by using LRP method. 
(2) The difference of removal mechanism between laser 

rear and front patterning was clarified. 
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Micro-cutting with pulsed fundamental mode Nd-YAG slab laser 

T. Sidler, S.Favre, S. Benjamin, R.-P. Salathe 
Institute of Applied Optics (IOA) 

Swiss Federal Institute of Technology (EPFL-Switzerland). 

Laser micro-cutting application performed with a zig-zag high power slab laser are presented. 
Most metallic, ceramic, glass and amorphous sheet materials of thickness up to 1mm can be processed 
with a minimum kerf width of 20 to 30 fim, depending on sheet thickness and material properties. 
With an advanced Nd-YAG zig-zag-slab laser, a pulse energy up to 300 mJ with a time duration of 
200 jus can be obtained in a quasi gaussian fundamental mode beam (M2 <1.5). The resulting laser 
beam, which has a very high brightness, is able to produce intensities up to 500 MW/cm2 at a typical 
focal spot diameter of 20 to 30 fim. The mean output power of this laser (up to 15 W) permits cutting 
at speeds as high as lmm/s (Ep =100 mJ, frep = 100 Hz, overlap 50%). Typical performances and 
applications for cutting samples with feature dimensions as small as 20 to 50 /mi and small heat 
affected zones (< 3 jtrni) are presented. 
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Micro-cutting with pulsed 
fundamental mode Nd-YAG slab laser 
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